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RESUMEN 
 
 
 
Los grandes incendios forestales que han afectado a la provincia de Valencia 
desde la década de los noventa, generalmente muy intensos y recurrentes sobre los 
mismos terrenos forestales, unido a unas condiciones climáticas con periodos 
prolongados de fuertes sequias durante las últimas décadas, han producido la disminución 
o eliminación de la capacidad de regeneración en amplias superficies de montes, lo que 
hace previsible el mantenimiento de la actividad repobladora a medio plazo.  
 
El pino carrasco (Pinus halepensis Mill.) ha sido una de las especies más utilizadas 
en repoblaciones forestales, ya que su resistencia a la sequía y su carácter pionero hace 
que su implantación sea mucho más fácil que la de otras especies arbóreas con las que 
comparte área potencial de uso. Así, en el 64% de las repoblaciones realizadas en la 
provincia de Valencia se ha empleado el pino carrasco como especie principal. Además, 
las previsiones climáticas a medio y largo plazo en estas zonas mediterráneas aconsejan 
la introducción de especies como el pino carrasco, resistentes a periodos secos 
prolongados e intensos. 
 
En las repoblaciones efectuadas en la Comunidad Valenciana existe un porcentaje 
importante de mortalidad que difícilmente baja del 30-35%. Aunque son los factores 
climáticos los que más condicionan el número de marras, también se deben a causas 
antrópicas controlables, como el desajuste del momento óptimo de plantación, la 
delimitación de rodales poco adecuados, la falta de criterios al aplicar algunos cuidados 
culturales y la calidad de planta de vivero utilizada en la repoblación. La calidad de la 
planta empleada en repoblación es un requisito necesario para su éxito, estando 
suficientemente demostrada su influencia sobre la respuesta en campo, especialmente en 
medios difíciles como el mediterráneo. A su vez, la calidad que presente un determinado 
lote de planta es consecuencia directa del régimen de cultivo practicado sobre él, por lo 
que la importancia de este régimen de cultivo sobre el éxito de la plantación es también 
directa.  
 
La hipótesis inicial de la tesis ha sido que la calidad de planta es un factor clave en 
la mejora del establecimiento de repoblaciones de Pinus halepensis en los principales 
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tipos de estación forestal de la provincia de Valencia. Al observarse la elevada variabilidad 
en diferentes lotes de planta de esta especie en función del vivero de procedencia, se 
planteó que esta heterogeneidad de calidad de planta podía ser la responsable de la baja 
supervivencia obtenida en numerosas repoblaciones forestales realizadas en la provincia 
de Valencia. La determinación de un estándar de calidad y el establecimiento del régimen 
de cultivo necesario para su obtención deberían contribuir a una mejora de la 
supervivencia del pino carrasco en las repoblaciones forestales.  
 
En función de las hipótesis descritas, el objetivo general de la tesis es la 
determinación un estándar de calidad de Pinus halepensis, para las condiciones 
particulares valencianas, y el establecimiento del régimen de cultivo necesario para su 
obtención, lo que conlleva el estudio de las variables de su cultivo en vivero y su influencia 
en el desarrollo de la especie, con el fin de mejorar el establecimiento de esta especie en 
repoblaciones forestales en la provincia de Valencia. Para ello, se seleccionaron varios 
viveros forestales de la provincia de Valencia productores de Pinus halepensis, donde se 
realizó un seguimiento y control integral del cultivo y de la calidad final de esta especie, 
entre las campañas de cultivo de 2002 y 2008.  
 
Para obtener este objetivo, se estableció un protocolo del cultivo inicial del Pinus 
halepensis que permitió hacer un seguimiento individualizado de las distintas variables 
implicadas en el proceso, revisando las prácticas de cultivo que se estaban empleando 
habitualmente en los viveros forestales públicos de Valencia. Se determinaron los distintos 
atributos morfológicos y fisiológicos, y su variación a lo largo del cultivo, obtenidos bajo 
estos regímenes de cultivo. Posteriormente se evaluaron estas técnicas de cultivo y la 
planta así obtenida mediante el establecimiento de parcelas de contraste en campo, 
comprobándose la respuesta de los diferentes lotes de planta, investigando las causas de 
los resultados obtenidos y realizando cambios en aquellas variables de cultivo implicadas. 
Finalmente, se  caracterizó el estándar de calidad del Pinus halepensis para cada una de 
las estaciones tipo estudiadas a través de distintos atributos, poniendo a punto, para cada 
atributo seleccionado, la metodología de análisis correcta, así como su interpretación en 
términos de cultivo en vivero.  
 
Las principales conclusiones alcanzadas en el desarrollo de esta tesis doctoral ha 
sido, en primer lugar, que la importancia de la calidad funcional de planta de Pinus 
halepensis aumenta cuanto menor es la calidad de la estación (clima más cálido y suelo 
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poco profundo), especialmente en relación con el mayor tamaño de las plantas y el 
elevado contenido de macronutrientes. El tamaño de la planta influye más que el estado 
nutricional en la supervivencia de las plántulas en ambientes con sequía intensa, ya que 
este mayor tamaño conlleva un aumento de las reservas de nutrientes, lo que permite un 
mayor crecimiento bruto de la raíz y, por lo tanto, una mayor probabilidad de superar el 
estrés hídrico.  
 
También se ha estudiado la influencia de los factores de calidad de estación en el 
establecimiento de repoblaciones de pino carrasco, comprobándose que durante el primer 
año, los factores climáticos afectaron a la respuesta de las plantas más que la textura del 
suelo, mientras que en el segundo año, después de la fase de instalación, el crecimiento 
se correlacionó con la profundidad del suelo. Respecto a las condiciones meteorológicas, 
la supervivencia se correlacionó preferentemente con las temperaturas en lugar de con la 
precipitación. La supervivencia de las plantas de Pinus halepensis se ha relacionado 
claramente con los patrones topográficos, particularmente con aquellos que influyen en la 
disponibilidad de agua, indicándonos que en los ecosistemas mediterráneos la respuesta 
de las plantas en repoblación está determinada por la dinámica suelo-agua. La realización 
de mapas más precisos de los factores topográficos puede indicarnos el potencial de 
supervivencia y crecimiento de la plantación, así como ayudar a planificar adecuadamente 
las actuaciones en una repoblación forestal.  
 
Finalmente, se han establecido unos valores de referencia para los diferentes 
atributos de calidad de planta de Pinus halepensis considerados adecuados para la 
provincia de Valencia. El establecimiento de estos valores para los atributos morfológicos, 
fisiológicos y de respuesta, permitirá estandarizar el cultivo del pino carrasco, y utilizarlos 
como una guía para regularizar los programas de cultivo y control de calidad en los 
viveros forestales de Valencia. La preparación de fichas individuales para cada lote de 
planta, con los valores de los atributos morfológicos, fisiológicos y de respuesta obtenidos, 
y el mantenimiento de las variables morfológicas dentro de unos valores de referencia 
(ventanas  de calidad), es un sistema sencillo para comprobar la calidad de planta, que 
facilita comparar la calidad de planta de diferentes lotes, tanto entre diferentes campañas 
como entre diferentes viveros.  También se han generado los protocolos de cultivo de 
cada vivero productor de pino carrasco, sobre la base de los datos que anualmente se van 
recogiendo de todas las variables de cultivo (siembras, sustratos, condiciones 
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ambientales, riego, fertilización, etc.), representándolos en forma de ficha de cultivo, lo 
que permite visualizar todo el proceso productivo, desde la siembra hasta el despacho de 
la planta y describir la evolución del desarrollo morfo-fisiológico de las plántulas a lo largo 
de su cultivo. Esta metodología se puede utilizar para comparar y estandarizar los 
protocolos de cultivo de pino carrasco de otros viveros productores de planta destinada a 
las repoblaciones de la provincia de Valencia, o para otras zonas mediterráneas. 
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ABSTRACT 
 
 
 
The large forest fires that have affected the province of Valencia since the 1990s, 
which have been very intense and recurrent on the same forest land, coupled with adverse 
climatic conditions and prolonged periods of severe droughts during the last decades, 
have led to a decrease or even a suppression of the ecosystem’s regeneration ability in 
large forest areas, which makes it possible to maintain the activity of reforestation in the 
medium term. 
 
Aleppo pine (Pinus halepensis Mill.) has been one of the most used species in 
reforestation, since its resistance to drought and its pioneering character makes its 
establishment much easier than other tree species with which it shares habitat and niche 
of potential use. Thus, 64% of the reforestations carried out in the province of Valencia 
have used the Aleppo pine as the main species. In addition, the medium and long-term 
climatic forecasts in these Mediterranean areas suggest the introduction of species such 
as Aleppo pine, resistant to prolonged and intense dry periods. 
 
In the reforestations carried out in the Valencian Community there is a significant 
percentage of mortality that hardly drops below 30-35%. Although the climatic factors are 
the most important cause of plantation failure, there are also technical factors prone to be 
improved or controlled, such as the mismatch between optimum weather conditions and 
the moment of planting, proper ecological zoning within the project area, lack of founded 
criteria when applying some cultural treatments or stock quality specifications. The stock 
quality is a necessary prerequisite for the success of the reforestation, and its influence on 
the field response has been widely demonstrated, especially in difficult environments such 
as the Mediterranean. Also, the stock quality of a particular stocklot is a direct 
consequence of the cultural regime practiced in the nursery, so the importance of this 
culture regime on the success of the planting is also direct. 
 
The initial hypothesis of the thesis has been that plant quality is a key factor in the 
improvement of the establishment of reforestation of Pinus halepensis across the main 
types of forest sites in the province of Valencia. When high variability in different stocklots 
of this species was observed according to the nursery of origin, it was suggested that this 
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heterogeneity of stock quality could be responsible for the low survival rates obtained in 
many reforestations carried out in the province of Valencia. The determination of a quality 
standard and the establishment of the cultural regime necessary to obtain it should 
contribute to an improvement on the survival of Aleppo pine in reforestation. 
 
The general objective of the thesis is to determine a quality standard of Pinus 
halepensis, for the particular Valencian conditions, and to establish the cultural regime 
necessary for its production, which implies the study of the different variables being used 
in nursery and its influence on the growth development of the species. To that end, several 
nurseries in the Valencia province growing Pinus halepensis were selected for monitoring 
and control of both the growing regime and the final stock quality of this species between 
the growing years of 2002 and 2008. 
 
To achieve this objective, a growing protocol was established for the culture of 
Pinus halepensis, which allowed individualized monitoring of the different variables 
involved in the process, reviewing the cultural practices that were commonly used in public 
forest nurseries in Valencia. The different morphological and physiological attributes, and 
their variation along the culture, obtained under these cultivation regimes were determined. 
Afterwards, we evaluated these cultivation techniques and the plant obtained by 
establishing contrast plots in the field, checking the response of the different stocklots, 
investigating the causes of the possible failure obtained and making changes in the 
cultural variables involved in the growing regime. Finally, the quality standard of Pinus 
halepensis was characterized for each of the sites types studied through different 
attributes, setting for each selected attribute the methodology of correct analysis, as well 
as its interpretation in terms of nursery practices. 
 
The main conclusions reached in the development of this doctoral thesis were, 
firstly, that the importance of the functional stock quality of Pinus halepensis increases with 
the harshness of the site and climate (warmer climate and shallow soil were identified as 
specific factors contributing to plantation failure). In these contexts larger plant size and 
higher macronutrient content showed improved survival rates. However, the size of the 
plant influenced more than the nutritional status seedlings’ survival in environments with 
intense drought, since this bigger size entails an increase of the nutrient reserves, allowing 
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a greater gross growth of the root and, thus, an increased probability of overcoming water 
stress. 
 
The influence of site quality factors on the establishment of Aleppo pine 
reforestation have also been studied, showing that during the first year, the climatic factors 
affected the response of the plants more than the texture of the soil, while in the second 
year, after the establishment phase, growth correlated with soil depth. Regarding the 
meteorological conditions, survival was preferably correlated with temperatures rather than 
with precipitation. The survival of Pinus halepensis plants has been clearly related to 
topographic patterns, particularly those influencing water availability, indicating that in 
Mediterranean ecosystems the response of plants to reforestation is determined by soil-
water dynamics. More precise mapping of topographic factors can indicate the potential for 
survival and growth of the plantation, as well as help to plan adequately the actions in a 
reforestation. 
 
Finally, reference values have been established for the different attributes of stock 
quality of Pinus halepensis considered suitable for the province of Valencia. The 
establishment of these values for the morphological, physiological and performance 
attributes will allow the standardization of the Aleppo pine cultivation, and use them as a 
guide to regularize the culture and quality control programs in the forest nurseries of 
Valencia. The preparation of individual cards for each stocklot, including information on the 
values of morphological, physiological and response attributes obtained, and the 
maintenance of morphological variables within reference values (quality windows), is a 
simple system to verify the stock quality, which makes it easier to compare different 
stocklots, both between different campaigns and between different nurseries. Growing 
protocols of each nursery producing Aleppo pine have also been generated, based on the 
data collected annually from all the culture variables (sowing, growing media, 
environmental conditions, irrigation, fertilization, etc.), representing them in the form of a 
culture card, which allows to visualize the whole productive process, from the sowing to 
the delivery of the plant and to describe the evolution of the morpho-physiological 
development of the seedlings throughout their culture. This methodology can be used to 
compare and standardize the growing regimes of Aleppo pine of other forest nurseries 
intended for reforestation in the province of Valencia, or for other Mediterranean areas. 
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INTRODUCCIÓN 
 
 
 
1. EL MARCO FORESTAL DE VALENCIA 
 
 
1.1. El terreno forestal en Valencia  
 
La Comunidad Valenciana abarca un gran abanico de ecosistemas forestales. 
Estos ecosistemas son el resultado de un manejo humano intenso durante milenios, entre 
otros factores, que no sólo han variado completamente en muchas ocasiones su 
estructura y composición o su extensión, sino que el uso de los recursos forestales ha 
modificado aspectos evolutivos de las especies forestales (Sevilla, 2008).  
 
La distribución de estos ecosistemas está marcada por las características 
climáticas y edáficas de la Comunidad Valenciana, que en algunas zonas son limitantes 
para el desarrollo de formaciones arboladas. Muchas de las especies de árboles 
desaparecieron de amplias zonas, sobre todo las menos adaptadas al intenso régimen de 
incendios forestales o fluctuaciones climáticas, mientras que grandes áreas forestales 
redujeron el número de especies presentes, y se han mantenido así, en buena medida, 
por la acción humana, sobre todo por la sobreexplotación agropecuaria. Actualmente, 
según la memoria del Plan de Acción Territorial Forestal de la Comunidad Valenciana 
(PATFOR), el terreno forestal ocupa el 57% del territorio de la Comunidad Valenciana, con 
una tendencia a incrementarse a un ritmo de unas 3.300 ha/año, principalmente por el 
abandono de superficies de cultivos agrícolas y a la colonización de éstas por especies 
forestales. En la cartografía preparada para el PATFOR (2013) se establece tres 
tipologías diferentes: suelo Forestal, suelo con Mosaico de usos y suelo No Forestal 
(Tabla 1.1).  
 
Tabla 1.1. Distribución por tipologías de usos. Actualización del Inventario del Suelo Forestal de la Comunidad 
Valenciana (PATFOR, 2013). 
Provincia  Forestal  Mosaico  No Forestal 
 
Ha %  Ha %  Ha % 
Castellón 435.690 65,65  14.663 2,21  213.272 32,12 
Valencia 604.544 55,94  19.189 1,78  456.989 42,29 
Alicante 256.339 44,06  13.545 2,33  311.965 53,62 
Comunidad 
Valenciana 1.296.573 55,74 
 47.397 2,04  982.226 42,22 
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En la provincia de Valencia, el suelo forestal ocupa actualmente el 56 % de su 
territorio y presenta un incremento significativo del 10 % en los últimos 40 años, con un 
aumento a razón de unas 1.100 ha año-1 en los últimos años. Esta dinámica de cambio de 
los usos de los suelos forestales en los últimos años se puede describir mediante la 
comparación de los diferentes inventarios forestales nacionales IFN1, IFN2 e IFN3 (Tabla 
1.2). Los montes arbolados ocupan actualmente el 60,3 % del terreno forestal en esa 
provincia, con un aumento a razón de 756 ha año-1. Este incremento de la superficie 
arbolada entre los dos últimos inventarios es discreto en comparación con las otras 
provincias de la Comunidad Valenciana,  debido al impacto de los extensos incendios de 
la década de los noventa en Valencia, que fueron muy intensos y eliminaron la mayoría 
del arbolado y de su capacidad de regeneración en amplias zonas de los montes, 
limitando la regeneración arbórea, que es mucho más lenta en esos territorios. 
 
Tabla 1.2. Variación de las superficies forestales en la provincia de Valencia entre los Inventarios Forestales 
Nacionales por tipos de montes arbolados o no arbolados. (IFN1, IFN2 e IFN3, 2007). 
Tipo de formación Superficie forestal (ha)  Variación anual superficial entre distintos IFN (%) 
 
IFN1 
(1966) 
IFN2 
(1994) 
IFN3 
(2007) 
 IFN1-IFN2 IFN2-IFN3 IFN1-IFN3 
Monte arbolado  212.379 341.882 350.955  1,35 0,22 0,99 
Monte desarbolado 316.393 226.671 230.950  -1,41 0,16 -0,92 
Total forestal 528.772 568.553 581.905  0,25 0,20 0,23 
 
Dentro de la superficie arbolada destacan las coníferas, que ocupan el 85,5 % de 
la superficie arbolada, y en especial el pino carrasco (Pinus halepensis Mill.), ya que sus 
pinares son la formación forestal dominante en el 73,7 % de la superficie arbolada de la 
provincia de Valencia, ocupando una superficie de 258.719 hectáreas (INF3), apareciendo 
sus pinares más extensos en el interior de la provincia. El pino carrasco se puede 
considerar como el taxón fundamental de la provincia de Valencia, siendo la provincia 
española que mayor cantidad de superficie de pino carrasco presenta. 
 
1.2. La propiedad forestal en Valencia  
 
La configuración de la propiedad forestal en la Comunidad Valenciana es el 
resultado de distintos avatares históricos, siendo la abolición del régimen señorial en 
1811, los períodos de desamortización de mitad del siglo XIX, la creación del Catálogo de 
Montes de Utilidad Pública y, en fecha más reciente, el traspaso de bienes del Estado a 
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las autonomías en el año 1985, los hitos principales y los que en mayor medida han 
condicionado el tamaño y la titularidad de los terrenos (PATFOR, 2013). 
 
Clasificar los terrenos forestales a partir de su titularidad, pública o privada, ayuda 
a identificar la facilidad que tiene la Administración forestal, principal órgano inversor, para 
actuar en cada uno de ellos, ya que el presupuesto que se destina a la gestión forestal se 
invierte fundamentalmente en montes de titularidad pública, gestionados por la 
Generalitat, quedando una pequeña proporción para los montes de particulares, vía 
subvención (PATFOR, 2013). En la Comunidad Valenciana, el 55,2% de los terrenos 
forestales pertenecen a particulares, el 38,6% son públicos y del 6,2% se desconoce su 
titularidad. Esta dominancia del terreno privado se hace más evidente en las provincias de 
Alicante y Castellón, en las que alcanza el 63% y el 71% del terreno forestal, 
respectivamente (PATFOR, 2013). En la provincia de Valencia el 49,38 % de la superficie 
clasificada como forestal es de titularidad pública y el 50,62 % restante se encuentra en 
manos privadas (Tabla 1.3), siendo la proporción de superficie forestal pública superior al 
resto de las provincias de la Comunidad Valenciana, así como a la media del resto de 
Comunidades Autónomas que, según el Anuario de Estadística Forestal del año 2007 
(MARM, 2007), muestra un balance del 34,2% de terrenos forestales públicos frente a 
65,8% de titularidad privada.  
 
Tabla 1.3. Distribución de la propiedad forestal en la provincia de Valencia. (IFN3, 2007) 
 
Uso 
 
 
Superficie 
Forestal 
(ha) 
Propiedad pública  Propiedad privada 
Montes Catalogados de U.P. Montes 
no  
Catalogados 
 
Total (ha) 
 
% 
  
Total (ha) 
 
% Estado y 
Generalitat 
Entidades 
locales 
 
Forestal 
arbolado 
350.954,84 35.154,09 131.760,35 6.982,75 173.897,19 49,55 
 
177.057,65 50,45 
Forestal 
desarbolado 
230.950,49 19.540,82 83.290,25 10.610,15 113.441,22 49,12 
 
117.509,27 50,88 
Total 
provincial 
581.905,33 54.694,91 215.050,60 17.592,90 287.338,41 49,38 
 
294.566,92 50,62 
 
En cuanto a los terrenos de titularidad pública, los principales propietarios son los 
ayuntamientos, que poseen el 81% de la superficie forestal pública, lo que indica la 
importancia que tienen como potenciales gestores del territorio. La segunda 
administración en importancia es la Generalitat, que posee el 12,8% de los terrenos 
forestales. La Administración Central del Estado, posee un 6,2% de este terreno forestal 
público, a través de sus organismos dependientes, como las confederaciones 
hidrográficas. En la provincia de Valencia, siete comarcas tienen más de un 50% de 
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superficie forestal pública, llegando a alcanzar extensiones de terreno continuas muy 
destacables como las 89.000 ha de Los Serranos o las 37.000 ha de El Valle de 
Cofrentes-Ayora (PATFOR, 2013). 
 
El Catálogo de Montes de Utilidad Pública es la principal fórmula de gestión 
empleada por la Administración Forestal en la provincia de Valencia, donde casi la mitad 
de su superficie forestal está inscrita en el catálogo, en 191 montes catalogados, lo que 
supone la consideración de dominio público. Se trata de terrenos de titularidad pública, 
pertenecientes a los ayuntamientos, la Generalitat o a otros entes públicos. De este modo, 
el Catálogo supone, de por sí, una figura de protección del medio ambiente de primer 
orden. 
 
 
2. EL PINO CARRASCO EN VALENCIA 
 
2.1. Características generales de la especie 
 
El pino carrasco (Pinus halepensis Mill.) es una especie presente por toda la 
cuenca mediterránea, extendiéndose, espontáneamente, por todos sus países ribereños, 
desde el centro de España hasta Anatolia, y desde el Sur de Europa hasta las montañas 
de Marruecos Central, con mayor abundancia en España oriental, Provenza, Grecia, 
Marruecos y Argelia (Ruiz de la Torre, 2006). 
 
En España ocupa una superficie de 1.046.978 hectáreas de masas puras y 
497.709 hectáreas mezcladas, principalmente con Pinus nigra Arn., Pinus pinaster Ait. y 
Quercus ilex L. (INF2). La repoblación artificial ha añadido más de 300.000 ha, con 
máximas superficiales en Murcia, Valencia, Zaragoza, Teruel, Jaén y Granada (Ruiz de la 
Torre, 2006). Su área de distribución natural corresponde al tercio este de la Península 
Ibérica, repartiéndose por todas las provincias del litoral mediterráneo (Cataluña, 
Comunidad Valenciana, Murcia, Andalucía oriental e islas Baleares) y en la cuenca del 
Ebro. La provincia con más superficie es Valencia, seguida de Albacete, Murcia y 
Tarragona (Gil et al, 1996). Las repoblaciones forestales han aumentado su distribución 
real, llegando incluso hasta la zona central del Valle del Duero. 
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El pino carrasco es una especie con una marcada adaptación a la gran variedad 
de tipos climáticos y ecológicos propios del medio mediterráneo, presente desde 
ambientes semiáridos hasta zonas submediterráneas de media montaña. Su 
comportamiento mesológico permite calificarlo de termófilo, xerófilo y basófilo, 
presentando  gran tolerancia a vegetar en suelos calizos y margosos, no soportando los 
salinos, pero es capaz de vivir en sustratos ácidos, en sitios con precipitaciones más o 
menos abundantes, aunque prefiere los suelos básicos y arcillosos, en general de las 
series de los pardos calizos (Ruiz de la Torre, 2006). El rasgo más sobresaliente del pino 
carrasco es su resistencia a la sequía. Las precipitaciones estivales son generalmente 
escasas y en muchas ocasiones tiene que soportar la escasez de precipitaciones durante 
todo el año. El límite inferior para poder desarrollarse con normalidad son 250 mm 
anuales (Gil et al., 1996; Voltas et al., 2015). 
 
En España vive en casi todos los climas mediterráneos, llegando a soportar 
precipitaciones próximas a los 300 mm anuales, con 6 a 7 meses de aridez en el subárido 
del sudeste peninsular, hasta en climas frescos y algo húmedos con un período de aridez 
muy reducido y precipitaciones que rondan los 800 mm (poblaciones gerundenses) y en 
climas continentales en los que existe un cierto periodo de heladas seguras (poblaciones 
conquenses y prepirenaicas) (Gil et al., 1996). El pino carrasco se sitúa en llanos o 
montañas, preferentemente en pendientes suaves, prefiriendo orientaciones de solana por 
su termofilia. Crece desde el nivel del mar hasta los 1.000 m, con óptimo en cotas 
inferiores a los 800 m (Ruiz de la Torre, 2006). Sin embargo, en los últimos años está 
colonizando altitudes de hasta 1.300-1.400 m en zonas montañosas del interior de la 
Comunidad Valenciana (Puértolas et al., 2012).  
 
La plasticidad ecológica del pino carrasco dota a esta especie de un marcado 
carácter pionero, capaz de expandirse en terrenos desnudos, en plena exposición, recién 
incendiados o en áreas agrícolas abandonadas (Del Río et al., 2008; Daskalakou et al., 
2014). La aparente preferencia de la especie por los terrenos calizos, así como su 
termofilia y xerofilia deben entenderse más como una adaptación ligada a fenómenos de 
competencias inter-especifica, que a un verdadero requerimiento por estas condiciones 
(Cámara, 1999; Manrique-Alba et al., 2017). Las mejores estaciones de pino carrasco se 
localizan sobre suelos neutros, con elevada capacidad de retención de agua, y en 
condiciones meteorológicas de menor aridez (Gandullo et al., 1972). Las condiciones 
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climáticas tienen más influencia sobre la calidad del pinar que las edáficas, y, entre ellas, 
las relacionadas con las precipitaciones son las más importantes (Gandullo et al., 1972). 
El factor más determinante para su distribución parece ser la temperatura, especialmente 
las mínimas invernales (Gil et al., 1996; Mauri et al., 2016). 
 
Se trata de una especie de luz, de temperamento muy robusto, lo que le permite 
habitar en climas muy extremos por su luminosidad y régimen térmico: los brinzales 
requieren una ligera cubierta para su establecimiento, aunque rápidamente manifiestan 
una fuerte demanda por la luz (García‐Jiménez et al., 2017). Es una planta colonizadora 
de gran poder expansivo, facilitado por la abundante fructificación anual y piñón de 
pequeño tamaño y elevada potencia germinativa (Ruiz de la Torre, 2006; Ayari et al., 
2016). La plasticidad ecológica del pino carrasco la convierte en una especie capaz de 
expandirse en terrenos desnudos, en plena exposición, recién incendiados o en áreas 
agrícolas abandonadas (Del Río et al., 2008). Este pinar es uno de los más afectados por 
el fuego, debido a la estructura de las copas, su baja densidad, el abundante contenido de 
piñas y la presencia de ramas bajas, así como el cortejo de matas esclerófilas 
(Daskalakou et al., 2014). Suele regenerarse formando masas de densidad excesiva, que 
si son víctimas de la recurrencia de los incendios pueden agotar el banco de semillas y 
llegar a desaparecer (Ruiz de la Torre, 2006). 
 
2.2. El pino carrasco en Valencia 
 
El pino carrasco puede considerarse como el taxón fundamental de la Comunidad 
Valenciana, ya que es el árbol dominante en el 72 % de la superficie arbolada, vegeta en 
casi toda la superficie autonómica, apareciendo los pinares más extensos en el sur de la 
provincia de Castellón, en el interior de la de Valencia y en el norte de la de Alicante 
(PATFOR, 2013). La provincia de Valencia es la provincia que presenta una mayor 
superficie de pino carrasco, ocupando un total de 258.719 hectáreas como formación 
forestal dominante, lo que supone el 73,7 % de la superficie arbolada de la provincia 
(INF3, 2007). Las formaciones de Pinus halepensis son esencialmente puras en más del 
86% de su superficie, apareciendo mezclada con especies acompañantes en proporción 
baja. Únicamente el 6% de su superficie se puede considerar como mixta (PATFOR, 
2013). 
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Los pinares de pino carrasco presentan mayoritariamente densidades medias, con 
fracciones de cabida cubierta entre el 40 y el 70%, únicamente el 8% de su superficie está 
ocupada por arbolado ralo (Fcc<20%) (INF3, 2007). En general, éstas son zonas en 
expansión de la especie, donde está teniendo lugar la colonización arbórea de superficies 
donde se han abandonado las actividades agrícolas (PATFOR, 2013). El 82% de los 
pinares de Pinus halepensis se encuentra en estado adulto (latizal o fustal), dominando el 
estado de fustal (INF3, 2007). Muchas de las zonas de repoblado o monte bravo, que 
cubren del 18% restante, corresponde a zonas de regeneración natural tras incendio, 
presentando, en muchos casos, unas densidades muy elevadas (PATFOR, 2013; Sheffer 
et al., 2014). 
 
El pino carrasco está incluido en la normativa estatal que establece la producción y 
comercialización de los materiales forestales de reproducción (RD. 289/2003). De las 19 
regiones de procedencia delimitadas y aprobadas para esta especie, en la provincia de 
Valencia aparecen las siguientes regiones: 9.- Maestrazgo–Los Serranos, 10.- Levante 
Interior y 11.- Litoral Levantino (Alía et al., 2009). 
 
 
3. LA REPOBLACION FORESTAL EN VALENCIA  
 
3.1. Antecedentes 
 
En la Comunidad Valenciana, las repoblaciones forestales tienen una tradición que 
se remonta a más de cien años (Curras, 1995). En el año 1888 se crean las Comisiones 
de Repoblación, entre las cuales se creó la de la cuenca del Júcar, dando origen en 1901 
a las Divisiones Hidrológico-Forestales. En Valencia los trabajos de repoblación se 
iniciaron a partir de 1892, con centro de atención preferente a las vertientes del río Júcar, 
desde la entrada en la provincia de Valencia. En estas repoblaciones las especies 
empleadas fueron el pino carrasco, el rodeno (Pinus pinaster) y el piñonero (Pinus pinea), 
cuando el procedimiento era por siembra, y el pino carrasco, casi en exclusividad, si era 
por plantación. La planta se obtenía de viveros volantes situados en los montes donde se 
realizaban los trabajos (Curras, 2001). 
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En el año 1939 se presenta el Plan General de Repoblación Forestal en España, 
de Ceballos y Ximénez de Embún, creándose en el año 1941 el Patrimonio Forestal del 
Estado para alcanzar los objetivos establecidos en dicho Plan, declarando las comarcas 
de interés forestal. En la Comunidad Valenciana se declaró la comarca del sudoeste de 
Valencia, que abarcaba 130.000 ha de superficie, para conseguir la implantación de 
masas arbóreas que corrigieran los fenómenos torrenciales de grave intensidad ocurridos 
en las cabeceras de los ríos Júcar, Cabriel y Albaida (Curras, 2001). 
 
Entre los años 40 y 60 las repoblaciones forestales tuvieron un marcado fin 
socioeconómico por la gran cantidad de mano de obra utilizada que podía absorber el 
grave paro rural existente en aquellos momentos. Las repoblaciones se hicieron por 
ahoyado y plantación con planta a raíz desnuda o en maceta cultivada en vivero (Figura 
1.1). El mayor impulso repoblador se realizó entre los años 1950 a 1970, sustituyéndose 
progresivamente los métodos de ahoyado manual por la preparación mecanizada de 
banquetas, subsolados y terrazas. También se fueron abandonando los viveros volantes 
productores de planta a raíz desnuda para ser sustituidos por viveros centrales que 
producían planta con cepellón cultivada en diversos tipos de contenedor (Curras, 2001). 
 
 
Figura 1.1.  Repoblación de pino carrasco de los años 50 en el monte La Hunde (Ayora). (Foto: J. Hermoso) 
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En el año 1971, se crea el ICONA (Instituto Nacional para la Conservación de la 
Naturaleza), organismo que adquiere las competencias sobre repoblaciones hasta su 
traspaso a la Comunidad Valenciana en 1985. Estas repoblaciones han experimentado 
distintas fases, tanto en sus objetivos como en los planteamientos técnicos, entre los que 
destacan el incremento en el número de especies utilizadas, aunque el pino carrasco 
continúa siendo la especie dominante (Alloza, 2003). 
 
3.2. Las repoblaciones en la provincia de Valencia 
 
La superficie total repoblada en la provincia de Valencia desde 1907 hasta la 
actualidad, según datos de la Conselleria de Agricultura, Medio Ambiente, Cambio 
Climático y Desarrollo Rural (CAMACCDR) de la Generalitat Valenciana (2016), ha sido 
de 88.780 hectáreas (Figura 1.2).  
 
 
Figura 1.2. Superficie repoblada en la provincia de Valencia en hectáreas por años (CAMACCDR, 2016). 
 
 
Desde 1980 hasta 2015, en la provincia de Valencia, la superficie total repoblada 
ha sido de 41.467 hectáreas, de las cuales 12.628 hectáreas se han repoblado 
únicamente con especies del género Pinus, mientras que 24.197 hectáreas se repoblaron 
en masas mixtas, con especies de Pinus como especie principal o acompañante 
(CAMACCDR, 2016). En el 64% de estas repoblaciones se ha empleado el Pinus 
halepensis como especie principal (26.595 hectáreas), de ellas, 11.553 hectáreas como 
especie única (Figura 1.3), y en 15.044 hectáreas como especie principal en masas 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
 
20 
mixtas. También se ha utilizado el Pinus halepensis en 3.301 hectáreas como especie 
acompañante en repoblaciones mezcladas con otras especies. (CAMACCDR, 2016) 
 
 
Figura 1.3.  Repoblación de pino carrasco en el monte “Las Lomas” (Alpuente). (Foto: J. Hermoso) 
 
 
3.3. Los viveros forestales de Valencia 
 
La articulación de un sector privado de viveros forestales es muy complicada 
debido al bajo precio de la planta y a la ausencia de planificación, así como la previsión 
para las campañas anuales de repoblación, lo que origina importantes desajustes entre la 
oferta y la demanda, que sólo puede soportar los viveros públicos. Esto ha llevado a que 
actualmente los viveros privados se dedican principalmente al cultivo de plantas 
ornamentales y de jardinería. (PATFOR, 2009) 
 
La administración autonómica posee una red de viveros públicos, que aprovisionan 
de planta forestal para las labores de restauración y repoblación. En la provincia de 
Valencia existen actualmente cuatro viveros públicos destinados a la producción de plata 
forestal (Tabla 1.3). 
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        Tabla 1.4. Viveros forestales públicos en la provincia de Valencia. 
Vivero Termino municipal Altitud (m snm) Termoclima 
La Hunde Ayora 900 Mesomediterráneo 
El Hontanar Castielfabib 1200 Supramediterráneo 
El Carrascal La Yesa 920 Mesomediterráneo 
La Garrofera Alzira 34 Termomediterráneo 
 
 
Estos viveros forestales públicos se encuentran distribuidos estratégicamente por 
las diferentes zonas forestales de la provincia en la provincia de Valencia (Figura 1.4). 
 
 
 
Figura 1.4. Localización de los viveros forestales públicos en la provincia de Valencia. 
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El objeto de estas instalaciones es la producción de planta destinada a las 
repoblaciones forestales y plantaciones forestales que realice la CAMACCDR u otras 
Administraciones. También se produce planta destina a la venta a particulares, 
donaciones para instituciones públicas, etc. La escasa demanda de planta para los 
trabajos mencionados, ha hecho que en los últimos años la producción se dedique 
fundamentalmente a tareas divulgativas, como la celebración anual del Día del Árbol. 
(PATFOR, 2009) 
 
Dichos viveros forestales llevan funcionando más de 30 años, disponiendo de la 
infraestructura y superficie suficientes para atender todas las necesidades que en 
repoblaciones forestales puedan plantearse en la provincia de Valencia (Figura 1.5). 
 
 
 
Figura 1.5.  Producción de plantas de pino carrasco en el vivero forestal de “La Hunde” (Ayora).  
(Foto: J. Hermoso) 
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4. HIPOTESIS DE TRABAJO 
 
4.1. Antecedentes  
 
La recurrencia de grandes incendios forestales desde la década de los noventa en 
la provincia de Valencia, generalmente muy intensos y reiterados sobre los mismos 
terrenos forestales, unido a las condiciones climáticas de las últimas décadas con 
periodos prolongados de fuertes sequias, lleva consigo la diminución o eliminación de la 
capacidad de regeneración en amplias superficies de montes, lo que hace previsible el 
mantenimiento de la actividad repobladora a medio plazo, siempre condicionado por las 
disponibilidades presupuestarias de la administración forestal.  
 
El pino carrasco (Pinus halepensis Mill.) es una de las especies más utilizadas en 
repoblaciones forestales, ya que su resistencia a la sequía y su carácter pionero hace que 
su implantación sea mucho más fácil que la de otras especies arbóreas con las que 
comparte área potencial de uso (Cortina et al., 1997). Por sus características 
ecofisiológicas esta especie es la más apta para restaurar la cubierta vegetal en amplias 
zonas donde la introducción de especies de frondosas no es posible actualmente 
(Puértolas et al., 2012). El objetivo de la mayor parte de las repoblaciones, debido a las 
limitaciones edafo-climáticas de las zonas donde se ha empleado, ha sido 
fundamentalmente protector y acelerador de las dinámicas sucesionales, mejorando las 
propiedades del suelo y facilitando la instalación de otras especies arbóreas más 
exigentes (Lookingbill y Zavala, 2000). Los escenarios futuros a medio y largo plazo sobre 
el clima en estas zonas mediterráneas aconsejan la introducción de especies resistentes a 
periodos secos prolongados e intensos, como es el pino carrasco (Cámara, 1999). 
 
En las repoblaciones efectuadas en la Comunidad Valenciana existe un porcentaje 
importante de mortalidad que difícilmente baja del 30-35% (Alloza, 2003). Aunque son los 
factores climáticos los que más condicionan el número de marras, también se deben a 
causas antrópicas controlables, como el desajuste del momento óptimo de plantación, la 
delimitación de rodales poco adecuados, la falta de criterios al aplicar algunos cuidados 
culturales y la calidad de planta de vivero utilizada en la repoblación (Navarro-Cerrillo et 
al., 2006a). 
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La calidad de la planta empleada en repoblación es un requisito necesario para su 
éxito (Del Campo et al., 2007a; Kildisheva et al., 2017), estando suficientemente 
demostrada su influencia sobre la respuesta en campo (Palacios et al., 2009; Del Campo 
et al., 2010), especialmente en medios difíciles como el mediterráneo (Del Campo et al., 
2007a; Tsakaldimi et al., 2013; Navarro-Cerrillo et al., 2014). A su vez, la calidad que 
presente un determinado lote de planta es consecuencia directa del régimen de cultivo 
practicado sobre él (Jenkinson et al., 1993; Navarro-Cerrillo y Del Campo, 2006), por lo 
que la importancia de este régimen de cultivo sobre el éxito de la plantación es también 
directa.  
 
A partir del año 2002, al amparo de los convenios suscritos entre la Conselleria de 
Medio Ambiente de la Generalitat Valenciana con la Universidad Politécnica de Valencia, 
comenzó un estudio encaminado a caracterizar los regímenes de cultivo empleados en la 
producción de varias especies forestales en los viveros públicos de la provincia de 
Valencia, determinar la calidad de planta más adecuada para producir en estos viveros y 
mejorar del establecimiento de las repoblaciones forestales. 
 
4.2. Hipótesis de partida 
 
La hipótesis inicial de la tesis ha sido que la calidad de planta es un factor clave en 
la mejora del establecimiento de repoblaciones de pino carrasco en los principales tipos 
de estación forestal de la provincia de Valencia. En este sentido, la determinación de un 
estándar de calidad y el establecimiento del régimen de cultivo necesario para su 
obtención deberían contribuir a una mejora significativa de las tasas de supervivencia en 
repoblación forestal. Para validar dicha hipótesis se seleccionaron varios viveros 
forestales de la provincia de Valencia productores de Pinus halepensis. En estos viveros 
se hizo un control y seguimiento integral del cultivo y de la calidad final de esta especie en 
las campañas de cultivo de 2002 hasta 2008.  
 
La necesidad de este tipo de estudio viene dada por la elevada variabilidad 
observada en lotes de planta de una misma especie en función del vivero de procedencia,  
observándose que esta heterogeneidad de calidad de planta puede ser la responsable de 
la baja supervivencia obtenida en numerosas repoblaciones forestales realizadas en la 
provincia de Valencia. 
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La mayor parte de la información disponible sobre el cultivo de estas especies se 
encuentra particularizada para condiciones experimentales (esto es, para determinadas 
variables del cultivo como fertilización, sustrato, etc.) sin que se haya estudiado desde la 
integración práctica en el régimen global del cultivo en vivero. El establecimiento de 
regímenes de cultivo específicos para las especies mediterráneas producidas en viveros 
forestales es muy escaso, limitándose por el momento a la descripción de las 
características básicas de su cultivo y comportamiento en vivero (Peñuelas y Ocaña, 
1997; Navarro-Cerrillo y Del Campo, 2006). 
 
En España, los programas de caracterización de cultivo en viveros comerciales ya 
se han utilizado en varios viveros de Andalucía, Castilla-La Mancha , Castilla-León y de la 
Comunidad Valenciana (Navarro-Cerrillo y Del Campo, 2006), destacando sobre todo los 
avances en distintas especies de Pinus (Arroyo, 1999; Del Campo et al, 2004) y en menor 
medida en algunas frondosas mediterráneas, básicamente sobre encina (Planelles et al., 
2001; Del Campo, 2002; Del Campo y Navarro, 2004). 
 
Actualmente se entiende que la calidad de planta es un concepto que debe aludir 
al conjunto de características morfológicas y fisiológicas que estén cuantitativamente 
relacionadas con una respuesta satisfactoria en campo (Rose et al., 1991; Navarro-
Cerrillo et al., 2006b). Estas características morfológicas y fisiológicas vienen establecidas 
por el régimen de cultivo empleado. Los regímenes de cultivo, también llamados 
protocolos de producción o propagación, han sido desarrollados para algunas especies de 
importancia en Norteamérica (Wenny y Dumroese, 1993; Barnett y McGilvray, 2000), y, en 
ellos, se da una descripción detallada de cada una de las variables que intervienen, así 
como de la evolución del brinzal a lo largo del cultivo. 
 
La caracterización del régimen de cultivo de Pinus halepensis, mediante el 
establecimiento de sus variables más determinantes y de la influencia de estas en el 
desarrollo de la planta, permitirá al viverista determinar cómo influye cada práctica de 
cultivo sobre ella, posibilitándole seleccionar y adecuar estas prácticas a los objetivos de 
calidad de planta prefijada. La evaluación de esta calidad de planta permitirá al repoblador 
determinar con mayor facilidad las razones del éxito o fracaso, distinguiendo los factores 
asociados a la calidad de la planta y los de distinto origen, y mejorar el éxito de las 
repoblaciones forestales en las zonas mediterráneas. 
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En el caso de la especie estudiada, el concepto de calidad de planta está 
significativamente marcado por las limitaciones que impone el medio mediterráneo, lo que 
exige la producción de un material específicamente resistente. 
 
En este contexto la presente tesis comprende los siguientes objetivos específicos, 
que dan lugar a su estructura: 
 
1. Caracterización y control de los regímenes de cultivo iniciales empleados en los 
viveros para la producción de Pinus halepensis. Las variables de cultivo que se 
estudiaron para determinar el régimen de cultivo fueron: calendario del cultivo, 
condiciones ambientales, envase, sustrato, riego y fertilización.  
 
2. Caracterización y seguimiento de los atributos de desarrollo (atributos 
morfológicos, fisiológicos y de respuesta) de la planta en vivero, que se realizaron 
en varios momentos a lo largo del cultivo. 
 
3. Respuesta en campo mediante el establecimiento de parcelas de contraste para el 
estudio de la influencia de la calidad de planta y los factores de calidad de estación 
en el establecimiento de repoblaciones. 
 
4. Determinar el grado de afección de los cambios en el régimen de cultivo sobre la 
calidad del producto final obtenido; es decir, relación entre calidad de planta y cada 
régimen de cultivo estudiado. 
 
5. Estudiar las diferencias en la respuesta en campo para las distintas calidades de 
planta en función del régimen de cultivo, y la influencia de la calidad de planta en 
el éxito de establecimiento de una repoblación forestal. 
 
6. Determinar los atributos de calidad final de la planta (atributos materiales 
morfológicos y fisiológicos y atributos de respuesta) y establecer el estándar de 
calidad preliminar para las estaciones estudiadas. 
 
 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
 
27 
5. OBJETIVO Y ESTRUCTURA DE LA TESIS 
 
En función de las hipótesis descritas, el objetivo general de la tesis es la 
determinación un estándar de calidad de Pinus halepensis, para las condiciones 
particulares valencianas y el establecimiento del régimen de cultivo necesario para su 
obtención, con el fin de mejorar el establecimiento de esta especie en repoblaciones 
forestales en la provincia de Valencia. La determinación de este estándar implica también 
el establecimiento del régimen de cultivo necesario para su obtención, lo que conlleva el 
estudio de las variables de su cultivo en vivero y su influencia en el desarrollo de la 
especie. La caracterización del régimen de cultivo de esta especie, estableciendo sus 
variables más determinantes y de la influencia de estas en el desarrollo de la planta, 
permitirá la obtención de planta con mejor comportamiento en plantación y mejorar el éxito 
de las repoblaciones forestales en las zonas mediterráneas. 
 
Para obtener este objetivo general, los objetivos específicos de la tesis han sido: 
 
1. Establecer un protocolo del cultivo del Pinus halepensis que permita hacer un 
seguimiento individualizado de las distintas variables implicadas en el proceso. 
Sobre la base de este protocolo, revisar las prácticas de cultivo que actualmente 
se están empleando en los viveros forestales de Valencia. 
2. Establecer los patrones de desarrollo de la especie estudiada bajo estos 
regímenes de cultivo mediante la determinación de distintos atributos 
morfológicos y fisiológicos y de su variación a lo largo del cultivo. 
3. Evaluar estas técnicas de cultivo y la planta así obtenida mediante el 
establecimiento de parcelas de contraste en campo de forma que, en caso de 
respuesta insatisfactoria, se puedan investigar las causas y sugerir cambios en 
aquellas variables de cultivo implicadas. 
4. Caracterizar el estándar de calidad del Pinus halepensis para cada una de las 
estaciones tipo estudiadas a través de distintos atributos, poniendo a punto, para 
cada atributo seleccionado, la metodología de análisis correcta, así como su 
interpretación en términos de cultivo en vivero. 
5. Determinar hasta qué punto la calidad final de planta es un elemento 
determinante en el éxito de una repoblación forestal. 
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Dichos objetivos se han estructurado en los siguientes capítulos de la tesis: 
 
En el Capítulo 1 se presenta una introducción general de las condiciones de Valencia y 
se establece el objetivo de la tesis. 
 
En el Capítulo 2 se hace un análisis de la calidad de planta y la caracterización de cultivo 
del pino carrasco en los viveros de Valencia. 
 
En el Capítulo 3 se estudia la influencia de los factores de calidad de estación y calidad 
de planta de pino carrasco en el establecimiento de repoblaciones. 
 
En el Capítulo 4 se estudia la influencia de la ubicación del vivero y de la fertilización en 
el cultivo, crecimiento, alometría y calidad de planta de pino carrasco. 
 
En el Capítulo 5 se estudia la influencia del tamaño de los brinzales y a su estado 
nutricional, con especial énfasis en el potasio, en la respuesta al establecimiento de pino 
carrasco en condiciones de sequía severa y la interacción con medidas para aminorar la 
sequía como son los hidrogeles. 
 
En el Capítulo 6 se evalúa la capacidad de predicción del potencial de crecimiento radical 
(PCR) en los programas de calidad de planta para el éxito del establecimiento de las 
repoblaciones. 
 
En el Capítulo 7 se estudia la importancia de la topografía, la calidad de estación, la 
calidad de planta y fecha de plantación para evaluar la respuesta de las plantas en la 
reforestación en sitios secos. 
 
En el Capítulo 8 se realiza una síntesis y discusión general de los resultados obtenidos 
en cada capítulo, revisando, analizando e integrando todo el trabajo desarrollado, y 
finalmente, en el Capítulo 9 se exponen las principales conclusiones de la tesis. 
 
En el Capítulo 10 se recogen las referencias bibliográficas citadas y en el Capítulo 11 se 
incluyen como anexo los artículos científicos publicados. 
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CAPITULO II 
 
La calidad de planta en repoblación forestal. Caracterización de 
cultivo del pino carrasco en viveros de Valencia  
 
 
 
CHAPTER II 
 
Seedling stock quality in reforestation. Culture characterization of 
Aleppo pine in nurseries of Valencia. 
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LA CALIDAD DE PLANTA EN REPOBLACIÓN FORESTAL. 
CARACTERIZACIÓN DE CULTIVO DEL PINO CARRASCO EN VIVEROS DE 
VALENCIA 
 
 
1. INTRODUCCIÓN 
 
La producción de planta forestal en vivero ha sufrido un cambio vertiginoso en las 
últimas décadas, tanto en las técnicas de cultivo de planta (envases, sustratos, 
fertilización, etc.) como en la oferta de especies no tradicionales. A ello se une el hecho de 
que normalmente no se conozcan muy bien las características de calidad final que debe 
presentar la planta, con plantas producidas en viveros que emplean distinta tecnología y 
bajo regímenes de cultivo notablemente diferentes, lo que con frecuencia lleva a 
mortalidades muy elevadas en determinadas especies (Navarro-Cerrillo et al., 2006a). 
 
La respuesta al establecimiento de las repoblaciones se ve afectada por multitud de 
factores que, según South (2000), son en orden de importancia, las condiciones 
ambientales, el manejo de la planta y la calidad de planta (su morfología, fisiología y 
factores genéticos), que en su conjunto son los que deben condicionar la elección de la 
calidad de planta y de la técnica repobladora. 
 
Así, en las repoblaciones efectuadas en la Comunidad Valenciana, la intensidad y 
recurrencia de los periodos secos condiciona la obtención de altos porcentajes de marras, 
que en promedio general se sitúa por encima del 30-35% (Alloza, 2003). 
 
Pese a que la calidad de la planta empleada en repoblación es un requisito 
necesario para su éxito (South, 2000), especialmente en medios difíciles como el 
mediterráneo (Del Campo et al., 2010), existe todavía un nivel insuficiente de 
conocimiento y consenso sobre las prácticas de cultivo de las especies más comunes en 
las repoblaciones mediterráneas (Navarro-Cerrillo y Del Campo, 2006). 
 
La calidad que presenta un determinado lote de planta es consecuencia directa del 
régimen de cultivo practicado sobre él (Wenny y Dumroese, 1993; Jenkinson et al., 1993; 
Navarro-Cerrillo et al., 1998), por lo que la importancia de este régimen de cultivo sobre el 
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éxito de la plantación es también directa (Navarro-Cerrillo y Del Campo, 2006). Por lo 
tanto, en cualquier proceso de mejora de la calidad de planta forestal, es necesario una 
mayor atención al régimen de cultivo en cada vivero, para obtener una calidad de planta 
ajustada y constante de una campaña de cultivo a otra (Landis et al., 1998; Navarro-
Cerrillo y Del Campo, 2006). 
 
La ausencia de sistemas de control de los principales componentes del cultivo 
(sustratos, envases de cultivo, etc.), así como de los programas de fertilización y de riego, 
ha dado lugar a una enorme improvisación en las técnicas de cultivo (Navarro-Cerrillo et 
al., 2006b). A esto se une el bajo grado de tecnología e investigación inherente a la 
mayoría de los viveros forestales, lo que hace que en muchos casos se lleguen a utilizar 
técnicas de cultivo inapropiadas o a incorporar tecnologías sin tener en cuenta las 
limitaciones que éstas tienen, tanto en lo referente a las especies como a la calidad final 
de la planta. También, suele existir frecuentemente una falta de contacto e intercambio de 
información entre repoblador y viverista, rompiéndose la secuencia que debe tener 
cualquier programa de mejora de la calidad de planta y del establecimiento (Duryea, 1985; 
Jenkinson et al., 1993; Del Campo et al., 2010; Grossnickle y El-Kassaby, 2016). Además, 
en ocasiones, los repobladores no tienen un conocimiento fundado sobre que planta tipo 
han de solicitar al vivero, ya que en numerosas especies no se conocen suficientemente 
las características morfológicas y/o fisiológicas que debe tener el material vegetal a 
emplear en plantación. 
 
El establecimiento de regímenes de cultivo específicos para las especies 
mediterráneas producidas en viveros forestales es muy escaso, limitándose por el 
momento a la descripción de las características básicas de su cultivo en vivero (Peñuelas 
y Ocaña, 1997; Navarro-Cerrillo et al., 1998). No obstante, en los últimos años se ha 
logrado una progresiva estandarización de los programas de cultivo para las especies 
forestales más frecuentes en repoblaciones, como los Pinus o los Quercus, aunque es 
necesario mejorar el intercambio de experiencias entre investigadores y viveristas para 
incorporar de manera sencilla los avances logrados a las condiciones de producción real 
de los viveros (Navarro-Cerrillo y del Campo, 2006). Todo ello justifica la necesidad de 
establecer sistemas de caracterización del cultivo para cada vivero y cada especie en 
particular, como son los protocolos de cultivo, que permiten conocer de forma precisa 
todas y cada una de las prácticas culturales aplicadas en el cultivo de una especie y 
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establecer los puntos críticos donde pueden comprometerse o mejorarse las prácticas 
culturales actuales para esa especie. Un buen programa de cultivo determina en gran 
medida la calidad final de la planta y las posibilidades de un cultivo homogéneo dentro de 
una campaña y en campañas consecutivas (Navarro-Cerrillo y Del Campo, 2006). En este 
sentido, la mejor herramienta para mejorar las técnicas viverísticas de especies forestales 
es establecer programas de control integrado del cultivo que incluyan la producción en 
vivero y el contraste en campo, que consideren, por un lado, el tipo de planta que es 
necesario producir para cada especie y estación de plantación tipo, y por otro, un mayor 
conocimiento sobre como cultivar estas especies en el vivero a fin de proporcionar esas 
determinadas calidades de planta.  
 
Las premisas básicas que deben considerarse para definir un programa de mejora 
de calidad de planta pueden resumirse en (Jenkinson et al, 1993): 
 
1. Localizar, para cada vivero, el área geográfica a donde irá destinada la planta 
producida o en la que desarrollará su actividad comercial.  
2. Determinar que especies van a ser producidas y en qué cantidad. 
3. Conocer las características ambientales de la zona donde se encuentra ubicado el 
vivero y que afectarán el proceso de cultivo. 
4. Establecer un programa de las prácticas culturales cuyos efectos sobre la planta 
sean básicamente satisfactorios, determinando los posibles errores o desviaciones 
con respecto al cultivo de la especie y, por tanto, los puntos críticos que pueden 
comprometer la calidad final de la planta. 
5. Establecer programas que permitan ir contrastando la respuesta en plantación de 
cada tipo de planta producida bajo un determinado rango de prácticas de cultivo. 
La respuesta de la planta en términos de supervivencia y crecimiento deberá 
confirmar lo acertado o no del régimen tradicional de cultivo empleado en el vivero, 
definir los posibles beneficios de las nuevas prácticas empleadas y desarrollar y 
mejorar nuevas prácticas de cultivo. 
 
Burdett (1983), recomienda que, para trabajar con viveros ya establecidos, deberá 
adoptarse un estándar de calidad preliminar que puede basarse en las especificaciones 
del material que se esté produciendo inicialmente en cada vivero (evaluación del régimen 
tradicional del cultivo). La figura 2.1 muestra la relación existente entre las sucesivas 
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etapas necesarias para desarrollar un adecuado estándar de calidad; un paso sigue al 
siguiente constituyendo un ciclo que supone un mecanismo de retroalimentación, por el 
cual, el estándar de calidad se ajusta continuamente de modo que tiende a mejorar el 
potencial de respuesta del material cultivado. Necesariamente, deberán hacerse 
sucesivos ajustes adicionales en el estándar de calidad para el material producido. 
 
 
 
Figura 2.1.- Relación entre las etapas necesarias para establecer estándares de calidad  
en el cultivo de planta forestal en viveros operativos (Burdett, 1983). 
 
 
Aceptando este planteamiento como el más conveniente para trabajar con los 
viveros públicos de la provincia de Valencia, a partir del año 2002, al amparo de los 
convenios de colaboración entre la Consellería de Medio Ambiente, Agua, Urbanismo y 
Vivienda de la Generalitat Valenciana con la Universidad Politécnica de Valencia (UPV), 
se comenzaron una serie de estudios coordinados por la UPV, en colaboración con la 
Sección Forestal de Valencia, sobre control de cultivo, calidad de planta, establecimiento 
en campo y calidad de repoblaciones, encaminados a la mejora del cultivo en vivero y del 
establecimiento de repoblaciones forestales en la provincia de Valencia. Para ello, se 
seleccionaron varios viveros públicos de la provincia de Valencia productores de las 
especies forestales más utilizadas habitualmente en las repoblaciones de la provincia, 
entre las que predominaba el pino carrasco (Pinus halepensis Mill.). En estos viveros se 
hizo un control y seguimiento integral del cultivo y de la calidad final del pino carrasco y de 
otras especies forestales, desde la campaña de cultivo 2002 hasta la campaña 2008.  
 
La necesidad de emprender estudios de este tipo vino dada por la elevada 
variabilidad observada en los lotes de planta de una misma especie en función del vivero 
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de procedencia (figura 2.2) que se utilizaban en las repoblaciones forestales en la 
provincia de Valencia. Esta elevada variabilidad se daba entre diferentes viveros públicos 
y, sobre todo, con la planta procedente de viveros privados, lo que elevaba 
considerablemente la variabilidad del tipo de planta de partida. 
 
 
Figura 2.2.- Comparativa de cinco lotes de pino carrasco producidos en distintos viveros públicos (La 
Hunde, El Carrascal, El Hontanar) y privados (Iberplant y Genforsa). (Foto: A. Del campo) 
 
 
Se observó que esta heterogeneidad de calidad de planta podía ser la responsable 
de la baja supervivencia obtenida en numerosas ocasiones en las repoblaciones 
forestales ordinarias realizadas en la provincia. Esta variabilidad era consecuencia de la 
amplia gama de sistemas de cultivo utilizados en los distintos viveros de origen, donde las 
diferencias en los envases, sustratos, sistemas de riego y fertilización o en los calendarios 
de cultivo eran más que notorias.  
 
Así, se consideró necesario, al menos en los viveros públicos de Valencia, 
establecer programas sencillos de control integrado del cultivo que sirvieran de fuente de 
información y de intercambio de experiencias con otros viveros públicos de la Comunidad 
Valenciana u otras comunidades autónomas y con el sector de los viveros privados. A 
partir del año 2002 se fueron desarrollando estudios encaminados a caracterizar los 
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regímenes de cultivo empleados en la producción de varias especies forestales en los 
viveros públicos de la provincia, para determinar los estándares de calidad preliminar para 
distintas especies forestales y distintas zonas bioclimáticas de Valencia, así como a testar 
estos regímenes en términos de calidad de la planta producida y de su respuesta en 
campo. En el caso de planta procedente de viveros privados, se realizó únicamente un 
control de calidad y de la respuesta en campo, eliminando el control del cultivo. 
 
 
2. CARACTERIZACIÓN DE CULTIVO EN VIVERO DEL PINO CARRASCO  
 
El cultivo de pino carrasco para la actividad repobladora tiene una larga historia. 
Inicialmente el pino carrasco era producido a raíz desnuda en viveros volantes, 
realizándose, en la primera mitad del siglo XX, repoblaciones emblemáticas con este tipo 
de plantas (Puértolas et al., 2012). A partir de la década de los 60, debido a la 
preocupación por minimizar el estrés del trasplante y la producción de plantas fuera  del 
área de repoblación, se implantaron las bolsas de polietileno como medio de cultivo. 
Debido a los problemas de conformación del sistema radical que originaban estas bolsas, 
a mediados de los años 80 se introdujeron los contenedores forestales rígidos en bandeja 
(Peñuelas y Ocaña, 1997).  
 
La implantación del contenedor supuso una revolución en el cultivo en viveros de 
las plantas de pino carrasco, incrementando la tecnificación del cultivo, al obligar al 
empleo de sustratos inertes que hizo imprescindible la fertilización adicional (Puértolas et 
al., 2012). En los últimos años se ha logrado una progresiva estandarización de los 
programa de cultivo para las especies forestales más frecuentes en repoblaciones 
(Navarro-Cerrillo y Del Campo, 2006). 
 
Los regímenes de cultivo, también llamados protocolos de producción o 
propagación, particularizados para una especie, grupo de especies o planta tipo en 
particular consisten en el establecimiento conjunto de las características o rangos que 
deben cumplir estos grupos de variables, así como de los pasos a seguir para un tipo de 
producción (Landis et al., 1998). Los programas de cultivo determinan la calidad de planta 
y un cultivo homogéneo dentro de una campaña y en campañas consecutivas, y en 
definitiva la calidad y viabilidad económica del vivero (Navarro-Cerrillo y Del Campo, 
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2006). Sin embargo, pese a su indudable utilidad para el viverista, estos protocolos 
detallados no son totalmente extrapolables de un vivero a otro debido a las singularidades 
que presenta cada vivero, por lo que su validez es limitada y deben utilizarse como una 
guía general para que cada vivero desarrolle y/o adapte ese protocolo a sus condiciones 
particulares de cultivo (Navarro-Cerrillo et al., 1998). 
 
Las prácticas culturales descritas para definir el cultivo de planta forestal en 
contenedor no coinciden exactamente entre los distintos autores (Landis et al., 1994, 
1998; Peñuelas y Ocaña, 1997; Navarro-Cerrillo y Pemán, 1997) aunque en líneas 
generales todos ellos consideran como más importantes las siguientes: la selección del 
material forestal de reproducción, el calendario o programa de cultivo, las condiciones 
ambientales, los contenedores, los sustratos, el programa de fertilización, el programa de 
riego y el control de plagas/enfermedades (Navarro-Cerrillo y Del Campo, 2006). 
 
2.1. Selección del material forestal de reproducción 
 
En la restauración forestal es necesario tener en cuenta las características 
genéticas de los materiales de reproducción (semillas, plantas o partes de plantas) y de 
los materiales de base de los que éstos se obtienen para asegurar a largo plazo las 
funciones de las plantaciones en ambientes mediterráneos (Alía, 2006). 
 
Las especies forestales mediterráneas son muy diversas genéticamente y 
presentan diferencias genéticas entre poblaciones, cuyo origen determina muchas de las 
características relacionadas con la adaptación de las plantaciones. Para tener en cuenta 
esta variación se han definido las regiones de procedencia de las especies forestales 
como unidades básicas para la comercialización (Alía, 2006). 
 
La normativa sobre comercialización de materiales forestales de reproducción (RD 
289/2003) rige el comercio de frutos, semillas, plantas y partes de planta, y es de obligado 
cumplimiento para numerosas especies forestales mediterráneas. El pino carrasco está 
incluido en esta normativa y de las 19 regiones de procedencia delimitadas y aprobadas 
para esta especie, en la provincia de Valencia aparecen las siguientes: 9.- Maestrazgo–
Los Serranos, 10.- Levante Interior y 11.- Litoral Levantino. 
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2.2. Calendario de cultivo 
 
El calendario de cultivo, en su versión más simple, es un gráfico de las condiciones 
que han de mantenerse y de las operaciones que han de realizarse en el vivero desde la 
siembra hasta el despacho de la planta (Brissette et al., 1991). Esta planificación general 
del cultivo se divide según las distintas fases de desarrollo del brinzal en el vivero, que 
normalmente se restringen a tres: 1º fase de germinación y establecimiento, 2º fase de 
crecimiento activo y 3º fase de preacondicionamiento (Landis et al., 1998). Los 
calendarios de cultivo son una fracción indisociable de los protocolos de propagación, ya 
que representan visualmente todo el proceso productivo (Landis y Dumroese, 2000). Para 
la mayoría de las producciones mediterráneas españolas, la ausencia de protocolos de 
producción, lleva al viverista a desarrollar el calendario de cultivo basándose, tanto en su 
experiencia previa en la especie, como en las condiciones ambientales que marca la 
campaña de cultivo (Navarro-Cerrillo y Del Campo, 2006).  
 
El desarrollo de las plantas de pino carrasco es muy dependiente de la 
temperatura, de modo que el calendario de cultivo debe ajustarse en función de la 
termicidad de la zona donde se localiza el vivero. En lugares con periodo vegetativo corto, 
la siembra puede realizarse en invierno si se dispone de un invernadero libre de heladas, 
mientras que en zonas templadas la siembra debe retrasarse hasta el periodo seguro 
(abril-mayo). En la mayoría de los viveros ubicados en el piso mesomediterráneo, el pino 
carrasco necesita unas 30-32 semanas de cultivo para formar el cepellón y alcanzar el 
tamaño estándar. (Del Campo et al., 2004).  
 
2.3. Condiciones ambientales  
 
Las condiciones ambientales que afectan directamente al crecimiento y al 
desarrollo de plantas cultivadas en envase en un vivero son la temperatura, la humedad 
atmosférica, la luz y el dióxido de carbono (Landis et al., 1992). Los cuatro factores deben 
considerarse siempre juntos ya que interaccionan entre sí e influyen en el desarrollo de la 
planta en conjunto (Kozlowski et al., 1991; Salisbury y Ross, 1994). 
 
La temperatura que optimiza el crecimiento de la planta es distinta según se 
consideren unos tejidos u otros del vegetal y, por lo tanto, será distinta para cada fase de 
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desarrollo del brinzal, lo que lleva a considerar con igual rango de importancia a la 
temperatura del sustrato y a la del ambiente. La primera interviene en la absorción de 
agua y en la transpiración y la asimilación del nitrógeno y otros nutrientes esenciales, lo 
que puede ser muy significativo para aquellos nutrientes que son necesarios en las fases 
iniciales y finales del cultivo como el fósforo (Landis y Fischer, 1985). La temperatura 
ambiente (y su variación diurna o termoperiodo), afecta a procesos metabólicos como la 
fotosíntesis y la respiración y a procesos biofísicos como la transpiración (Landis et al., 
1992), por lo que las temperaturas templadas tienen una influencia negativa sobre el 
proceso de durmancia de la planta.  
 
Las instalaciones más frecuentes para el control de los factores ambientales son 
los invernaderos y, sobre todo, los umbráculos. Los efectos que el suministro de sombra 
tiene sobre el cultivo son una disminución del nivel de radiación (previene posibles 
quemaduras foliares), una reducción de las temperaturas del aire y de la hoja (favorece la 
fotosíntesis), la reducción de la temperatura del sustrato (evita un eventual daño a la raíz), 
disminución de la evaporación (y, por tanto, de las necesidades de riego) y una alteración 
de la apariencia del tallo o aclimatación de la planta a condiciones de menos luz 
(Svenson, 2000). 
 
Para el pino carrasco no se recomienda el uso de sombreo durante su cultivo, ya 
que aunque no aumente la mortalidad, puede reducir el crecimiento inicial de las raíces 
tras el trasplante, que conlleva una merma importante en el crecimiento los primeros años 
(Puértolas et al., 2009). 
 
2.4. Contenedores  
 
El tamaño del contenedor (volumen, altura, diámetro y forma) y su densidad 
(número de alveolos por unidad de superficie) son los dos factores básicos que controlan 
el crecimiento de la planta en vivero así como su posible respuesta postrasplante (Landis 
et al., 1990). Otro aspecto importante del contenedor es su influencia sobre las 
propiedades del sustrato, especialmente sobre su capacidad de retención de agua, lo que 
también lo relaciona con el régimen de riego del vivero (Burés, 1997).  
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Las especies de Pinus son cultivadas normalmente en alveolos de menor volumen 
(150-300 cm3) y mayor densidad (Puértolas et al., 2003, Domínguez-Lerena et al., 2006). 
Los efectos del tipo de contenedor sobre la calidad de planta obtenida son los 
relacionados con el repicado, desarrollo de la planta (mayor a mayor volumen), facilidad 
de extracción y manejo en el monte.  
 
Los contenedores utilizados normalmente para el pino carrasco son de 200 cm3 de 
volumen, no siendo necesario aumentar el tamaño del contenedor por encima de 300 cm3, 
dada la gran capacidad de crecimiento de la raíz. La estrategia ahorradora de agua del 
pino carrasco, que es capaz de controlar sus pérdidas de agua mediante el cierre 
estomático, hace que la relación entre la parte aérea y la parte radical pueda ser bastante 
alta, por lo que es posible cultivarla con elevadas fertilizaciones en contenedores 
relativamente pequeños. (Puértolas et al., 2012) 
 
2.5. Sustrato 
 
La importancia del sustrato como variable de cultivo es obvia ya que cumple la 
función de suministrar a la planta agua, aire (O2 y CO2), nutrientes y soporte físico, 
condicionando la aplicación práctica de otras variables tan relevantes como el riego y la 
fertilización (Landis et al., 1990). No en vano se asegura que es el principal factor del que 
depende el éxito de un cultivo en contenedor (Ansorena, 1994). La evolución del mercado 
de sustratos ha sido considerable durante los últimos 20 años, lográndose importantes 
avances sobre el conocimiento de las mezclas basadas en turbas y otros materiales 
(Riviere y Caron, 2001).  
 
Según las necesidades del cultivo en viveros forestales, los requisitos mínimos, en 
cuanto a sus propiedades físicas, químicas y biológicas, que deben cumplir los sustratos 
son (Landis et al., 1990): pH ligeramente ácido (5,5-6,5); alta capacidad de intercambio 
catiónico; baja fertilidad inherente (el vivero debe utilizar fertilización adicional); equilibrio 
adecuado de tamaños de poros (macro y microporos); y medio estéril. También es 
necesario que éstas sean mantenidas a lo largo del cultivo, ya que las condiciones ideales 
para el crecimiento de la planta lo son también para la descomposición del sustrato 
orgánico (Scagel y Davis, 1988).  
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Los componentes utilizados normalmente en los viveros para la preparación de los 
sustratos han sido: fibra de coco, turba rubia, compost, corteza pino, vermiculita, perlita y 
tierra vegetal. El pino carrasco no es una especie exigente en cuanto al sustrato de 
cultivo, empleándose sustratos a base de turba o fibra de coco, con o sin aditivos (perlita y 
vermiculita fundamentalmente) para aumentar la porosidad y la capacidad de retención de 
agua (Oliet et al., 2004). La mezcla utilizada habitualmente para el sustrato en los viveros 
de Valencia ha sido: 45% de fibra de coco, 45% de turba rubia y 10% de vermiculita (o 
perlita) (Tabla 2.1).  
 
Tabla 2.1. Principales características de los componentes de sustratos. 
Componente Fibra de coco 
Turba rubia 
sphagnum 
Vermiculita 
PH 5,7-6,0 3,8-4,2 8,9 
Conductividad (mS/cm) 0,75-1,20 (media) Baja Baja 
CIC Baja Muy Alta Muy Alta 
Retención agua Alta Muy alta Alta 
Capacidad aireación Muy alta Media-Baja Alta 
Fertilización Baja (excepto K) Baja Baja (excepto K) 
Función principal en la 
mezcla: 
Su naturaleza fibrosa 
favorece la formación de 
cepellón y aireación 
Idem Fibra de coco 
pero con >> CIC 
Alta CIC y capacidad 
retención agua 
 
 
En los viveros que no disponen de un sistema de fertirrigación, donde se fertiliza 
por adición de fertilizante de liberación controlada (FLC), interesa preparar un sustrato con 
elevada capacidad de intercambio catiónico (CIC) que sea capaz de mantener una 
adecuada concentración de nutrientes en la solución (disponibles para la planta) evitando 
un fácil lavado por el riego. Si se riega con aguas demasiado duras y alcalinas, es 
conveniente un sustrato con pH en el rango 5-6, pues con los sucesivos riegos éste 
tenderá a subir con el tiempo. 
 
2.6. Fertilización 
 
La fertilización es, después del riego, la práctica cultural que más directamente 
influye en el desarrollo de las plantas en vivero (Oliet et al., 2006). La administración de la 
fertilización es la principal responsable del estado nutritivo final de la planta (Landis, 
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1985). El estado nutricional es un elemento esencial en la calidad de la planta producida 
en vivero, ya que debe permitir su crecimiento en buenas condiciones de vigor durante el 
cultivo en vivero y su posterior establecimiento en condiciones de campo (Oliet et al., 
2006). Todos los nutrientes esenciales son imprescindibles para el mantenimiento de las 
estructuras y de las funciones vitales en la planta. Puesto que los macronutrientes 
primarios, nitrógeno (N), fósforo (P) y potasio (K), constituyen el 75% de la concentración 
de todos los nutrientes de un tejido vegetal tipo, son los que reciben más atención en la 
programación de la fertilización en vivero (Oliet et al., 2006; Grossnickle  y El-Kassaby, 
2016). 
 
La concentración de nitrógeno en las hojas está relacionada con la capacidad de 
recuperación de la actividad tras la plantación, a través de una mayor eficiencia 
fotosintética de las hojas ricas en este elemento (Folk et al., 1996; Villar-Salvador et al., 
2013). Durante la fase de crecimiento rápido en vivero, cuando son empleados niveles 
muy altos de N, es más susceptible de alcanzar niveles de consumo excesivos de N, que 
conducen a desequilibrios importantes entre parte aérea y radical de la planta (Oliet et al., 
2006). Se aprecia la existencia de un rango de concentración de nitrógeno bastante 
amplio (dependiente de la especie) en el que se observa una respuesta positiva de la 
supervivencia a la concentración de este elemento en planta, a pesar del incremento 
simultáneo de la relación PA/PR. En contenedor los valores óptimos de concentración de 
N en el tejido foliar en especies del género Pinus ronda los 20 mg g–1 (Oliet et al., 2006). 
 
El fósforo interviene decisivamente con el nitrógeno en el crecimiento y desarrollo 
de la planta, ya que forma parte de moléculas esenciales como el ATP y tienen un papel 
regulador en la síntesis de almidón y otros carbohidratos. Asimismo, es parte esencial de 
moléculas que participan en la fotosíntesis, la respiración y otros procesos metabólicos. El 
fósforo estimula el desarrollo del sistema radical frente al aéreo (Salisbury y Ross, 1994). 
 
El potasio, después del nitrógeno, es el elemento esencial requerido en mayores 
cantidades por la planta, y posee importantes funciones metabólicas. El papel más 
conocido de este elemento en la fisiología de la planta, en parte por la abundancia de 
cationes K+ libres, es en el ajuste osmótico, contribuyendo a la mejora de la tolerancia de 
la planta al estrés hídrico y a las bajas temperaturas (Salisbury y Ross, 1994). Estas 
propiedades convierten teóricamente al potasio en un elemento esencial en el proceso de 
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arraigo. La mayor demanda de potasio tiene lugar al final del cultivo, en la fase de inicio 
del endurecimiento, acumulando potasio independientemente de los aportes (Fernández 
et al., 2003). 
 
Los fertilizantes puede aplicarse con éxito en forma líquida, por fertirriego, o 
empleando fertilizantes de liberación controlada. Está demostrada la mayor eficiencia 
asociada a aplicaciones de fertilizantes de liberación lenta que a fertirrigación como 
consecuencia de una menor pérdida por lixiviados (Landis et al., 1989; Niemiera y Leda, 
1993; Broschat, 1995), así como su menor efecto sobre la salinidad. Sin embargo, en los 
primeros momentos del cultivo el fertilizante de liberación lenta puede producir una 
liberación relativamente alta que no es aprovechada por la planta, ocurriendo el fenómeno 
opuesto al final del cultivo (Cabrera, 1997; Oliet et al., 2004; Dominguez-Nuñez, et al., 
2015).). En estos fertilizantes las pérdidas de nutrientes pueden oscilar entre el 12 y el 
29% dependiendo del régimen de riego y la fuente de nutrientes (Warren et al., 1995).  
 
La fertilización es el factor de cultivo en contenedor al que mejor responde el pino 
carrasco y afecta al contenido nutricional en dos aspectos trascendentales en la respuesta 
al trasplante: tamaño y concentración de nutrientes. Se ha demostrado una relación 
estrecha y directa entre el crecimiento del pino carrasco tras el trasplante y su contenido 
en N antes de plantar (Oliet et al., 2009). Un tamaño inicial grande puede suponer una 
ventaja en condiciones de alta competencia con la vegetación natural, mientras que en 
zonas secas los mejores resultados de supervivencia y crecimiento también se obtuvieron 
en plantas grandes (Puértolas et al., 2012). Altas dosis de fertilizantes de liberación 
controlada mejoran la supervivencia y el crecimiento de las plantas a largo plazo en 
situaciones límites (Oliet et al., 2009). 
 
En Valencia, en los viveros que disponen de sistema de fertirriego y se emplean 
fertilizantes diferentes para cada una de las tres fases de cultivo: germinación y 
establecimiento, crecimiento activo y endurecimiento. Los fertilizantes de establecimiento 
serán fertilizantes NPK sólidos de alta concentración, solubles, muy ricos en fósforo (10-
52-10 + Mi), utilizados por vía foliar, con dosis habitual de 0,6 gr/l.  Los fertilizantes de 
crecimiento serán fertilizantes NPK rico y equilibrado en nitrógeno y potasio (18-11-18 + 
2MgO), utilizados por vía foliar, con dosis habitual de 1 gr/l. Los fertilizantes de 
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endurecimiento serán fertilizantes NPK, solubles, muy ricos en potasio (4-19-35 + 4MgO), 
utilizados por vía foliar, con dosis habitual de 0,6 gr/l. 
 
Los viveros que no disponen de sistema de fertirriego se fertilizan mediante 
abonos de liberación controlada (FLC) en granulo. El fertilizante a emplear será NPK del 
tipo 14-8-15 + 2 Mg, o similar, con una duración de 8 a 9 meses. Las dosis utilizadas 
fueron de 6-7 g l-1 en Pinus. 
 
2.7. Riego 
 
El riego, a diferencia del factor anterior de cultivo, no es una variable fija sino que 
forma parte del manejo diario del vivero. El reducido volumen de los contenedores, la 
dificultad de rehidratación de los sustratos comúnmente empleados y la influencia sobre la 
nutrición de la planta y sobre las propiedades del sustrato, hacen del riego una de las 
variables más importantes y delicadas de todo el proceso de cultivo en vivero (Landis et 
al., 1989; Karam y Niemiera, 1994). Los principales aspectos que deben controlarse del 
riego son dos: la calidad del agua empleada y la cantidad aportada. Ambas están 
condicionadas por la fase de desarrollo del cultivo, debiendo adecuarse a las exigencias 
de la planta en cada momento (Landis et al., 1989). 
 
La calidad del agua puede variar con su origen, pero el riego con agua de buenas 
propiedades cualitativas es un requisito para la producción de cultivos de alta calidad (Will 
y Faust, 1999). El análisis del agua de riego se hace imprescindible en un sistema de 
control del cultivo ya que tiene la función de identificar las características del agua que 
tienen relevancia sobre el crecimiento de la planta, así como establecer sus niveles o 
concentraciones. La cantidad de agua de riego depende de dos aspectos bien 
diferenciados: la frecuencia y la dosis a aportar en cada riego. Ambas variables están 
íntimamente relacionadas entre sí y dependen de la estación del año (evapotranspiración) 
y de la fase de cultivo (Landis, et al., 1989).  
 
El control del riego puede llevarse a cabo de diferentes formas, si bien la más 
usada en la mayoría de los viveros es el examen visual y táctil del sustrato, método muy 
empírico y subjetivo, pero que puede ser bastante eficaz dependiendo de la experiencia y 
conocimiento del viverista (Landis et al., 1989). Sin embargo, los sistemas de control del 
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riego son escasos en la práctica, especialmente en viveros al exterior (Eymar et al., 2000), 
tendiendo a regar en exceso para evitar las temidas desecaciones de la turba.  
 
Para el pino carrasco no se recomienda el endurecimiento en la última fase de 
cultivo, ni mediante el control de riego ni por reducción de la fertilización. (Puértolas et al., 
2003) 
 
2.8. Control de plagas y enfermedades 
 
El control efectivo de plagas, enfermedades, malas hierbas y predadores (PEMHP) 
no sólo mejora la eficiencia de la producción sino que además es útil para mantener una 
buena reputación del vivero. La existencia de malas hierbas en el cultivo de pino carrasco 
constituye uno de los problemas más frecuentes en viveros. Existen tratamientos 
específicos para el control de las malas hierbas, como el empleo de sustratos libres de 
semillas, el filtrado del agua superficial, la limpieza de materiales y maquinaria y la 
aplicación de herbicidas y escardas manuales. Pueden emplearse herbicidas de pre-
emergencia (oxyfluorfen, glifosato, etc) y de post-emergencia (oxyfluorfen a bajas dosis) y 
a intervalos más frecuentes (semanales). Para eliminar las hierbas resistentes a los 
herbicidas pueden programarse escardas manuales una vez cada 3-6 semanas. 
(Puértolas et al., 2012) 
 
Hay que tener en cuenta la susceptibilidad del pino carrasco a los hongos 
causante del damping-off (Lazreg et al., 2017), por lo que en el caso de realizar la siembra 
en primavera, con las temperaturas altas, se realizaran tratamientos con fungicidas 
inmediatamente después de la siembra. 
 
Cualquier especie del  género Pinus deberá contar con el correspondiente 
pasaporte fitosanitario, de acuerdo con lo establecido en el Real Decreto 58/2005, de 21 
de enero, por el que se adoptan medidas de protección contra la introducción y difusión en 
el territorio nacional y de la Comunidad Europea de organismos nocivos para los 
vegetales o productos vegetales, así como para la exportación y tránsito hacia países 
terceros. 
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2.9. Crecimiento de la planta 
 
El crecimiento de la planta como respuesta al régimen de cultivo representa su 
capacidad para cambiar de tamaño, forma o biomasa. Se puede considerar un primer 
nivel referido al análisis de los cambios de biomasa (total o parcial) de la planta con el 
tiempo, y un segundo nivel como el estudio de la distribución del carbono o asimilados 
entre unas partes y otras de la planta, esto es, su alometría (Chiarello et al., 1989). 
 
En el primer nivel, el parámetro fundamental para el análisis del crecimiento es la 
tasa de crecimiento relativo (TCR). En este sentido, el crecimiento en viveros forestales 
suele representarse de dos formas: crecimiento total e incremento de crecimiento (Landis 
et al., 1998). La primera es la forma más comúnmente usada y representa las 
dimensiones del brinzal frente al tiempo (normalmente semanas) a lo largo de la 
campaña; cuanto mayor sea la pendiente de la línea mayor es el crecimiento de la planta 
(y por tanto la TCR).  
 
En el segundo nivel, la alometría es un mecanismo presente en la planta que le 
permite ajustarse a desequilibrios en los recursos disponibles, de modo que el vegetal 
ubica más biomasa en los órganos que adquieren en mayor proporción el recurso más 
limitante (Long y Jones, 1996; Poorter y Nagel, 2000), de forma que la tasa de crecimiento 
se maximiza para las condiciones ambientales dadas. Los mecanismos de partición de la 
materia seca entre tallo y raíz están influenciados por factores genéticos y por las 
condiciones ambientales existentes durante el crecimiento (Kasperbauer y Hunt, 1992; 
Ericsson, 1995).  
 
Los contenidos nutricionales en la hoja afectan, en general, a la actividad 
fotosintética de la planta, particularmente el contenido de N, por lo que cabe esperar cierta 
relación entre éste y el crecimiento de la planta (Cornelissen, et al., 1997); de hecho, la 
TCR puede expresarse en función del contenido de nitrógeno foliar o de su concentración 
(Cornelissen et al., 1997). Respecto al contenido foliar de fósforo, Cornelissen et al., 
(1997) han demostrado su buena correlación con el de N y con la tasa de crecimiento 
relativo en un buen número de especies leñosas. Las plantas más fertilizadas tienen, al 
final del cultivo, a un mayor tamaño y una concentración de nutrientes más elevada. El 
efecto positivo de una mayor fertilización en vivero sobre el crecimiento posterior en 
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campo viene condicionado principalmente por la producción de plantas más grandes y no 
por el aumento de su concentración de nutrientes. Una mayor fertilización durante el 
cultivo, en la medida que produce plantas con un mayor contenido de nutrientes, 
incrementa el posterior crecimiento de las plantas en campo (Oliet et al., 2006). 
 
 
3. CALIDAD DE PLANTA 
 
Durante las últimas décadas se ha desarrollado el concepto de calidad de planta 
sobre la idea de adecuación al uso, es decir, que el propósito de cualquier lote de planta 
cultivado en vivero y destinado a repoblación es superar satisfactoriamente la fase de 
establecimiento (Navarro-Cerrillo et al., 2006a). La calidad de planta es un requisito 
necesario para el éxito de una repoblación, especialmente en medios difíciles como el 
mediterráneo, esta calidad es consecuencia directa del régimen de cultivo practicado 
sobre ella (Navarro-Cerrillo y Del Campo, 2006), por lo que la importancia de este régimen 
de cultivo sobre el éxito final de la plantación es fundamental.  
 
La calidad de planta presenta una doble vertiente complementaria según se 
considere el interés del viverista o del repoblador (Duryea, 1985). El conocimiento de la 
calidad de planta permite al viverista determinar cómo influye cada práctica de cultivo 
sobre ella, posibilitándole seleccionar y adecuar estas prácticas a los objetivos de calidad 
prefijada o solicitada. En cuanto al repoblador, la evaluación de calidad le permite mejorar 
los resultados de la plantación, ya que podrá determinar con mayor facilidad cuáles han 
sido las razones del éxito o fracaso, distinguiendo entre aquellos factores asociados a la 
calidad de la planta y los que sean de un origen distinto. Desde el punto de vista del 
viverista, cualquier proceso de mejora de la calidad de planta forestal, precisa una mayor 
atención al régimen de cultivo en cada vivero, como factor clave para la obtención de una 
calidad de planta ajustada y constante de una campaña de cultivo a otra (Landis et al., 
1998; Navarro-Cerrillo y Del Campo, 2006).  
 
Cuando el viverista tiene que diseñar un plan de control de calidad lo más 
recomendable es elaborar un programa de mejora de calidad de planta específicos para 
su vivero,  es decir, cada vivero tendrá que elaborar sus propios protocolos de cultivo 
orientados hacia la obtención de unos estándares de calidad (atributos morfológicos y 
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fisiológicos) de planta adecuados a los objetivos de producción previstos. El primer 
objetivo que debe alcanzarse es determinar el estándar de calidad preliminar, mediante la 
evaluación del régimen tradicional de cultivo (Navarro-Cerrillo y del Campo, 2006) 
 
La calidad de planta es un aspecto de particular importancia que debe definirse de 
acuerdo a una morfología y fisiología que permitan al brinzal una mejor respuesta frente a 
la aridez, termicidad y degradación extremas características de los lugares de 
establecimiento (Royo et al., 2001). La calidad de planta habrá de manifestarse en el 
brinzal a través de su capacidad para superar el estrés de plantación y crecer 
aprovechando todo el potencial que ofrece una estación particular (Burdett, 1987; Folk y 
Grossnickle, 1997). No obstante, la calidad de la planta al salir del vivero sólo está 
parcialmente correlacionada con la respuesta en campo ya que esta respuesta está muy 
condicionada por otros aspectos tales como el transporte, la manipulación, las técnicas de 
plantación y las condiciones del lugar (South, 2000; Royo et al., 2001; del Campo et al., 
2011a). 
 
Establecer cuantitativamente los valores de estos estándares de calidad no es tarea 
fácil debido tanto del número atributos de calidad a considerar (Puttonen, 1997), como a la 
dificultad de uniformizar criterios y de interpretación de resultados en las prácticas normales 
de producción de planta y repoblación forestal. Desde el punto de vista del viverista resulta 
prudente integrar atributos morfológicos y fisiológicos, ya que los primeros describen la 
adaptación general de la planta al tipo de repoblación (procedimiento de preparación, 
plantación, etc.), y los fisiológicos su capacidad de aclimatación a las condiciones de 
estación (Navarro-Cerrillo y del Campo, 2006) 
 
Ritchie (1984) organizó la evaluación de la calidad de planta en la determinación de 
dos tipos de atributos: los materiales y los de respuesta. Los primeros se refieren tanto a 
características morfológicas como fisiológicas, pero todas ellas han de ser directamente 
medibles. Los atributos de respuesta (también llamados de desarrollo o de 
comportamiento) miden la respuesta que presenta la totalidad de la planta cuándo ésta es 
sometida a unas condiciones de ensayo particulares. 
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3.1. Atributos morfológicos 
 
La morfología de una planta cultivada en contenedor en un vivero forestal es el 
resultado de las características genéticas de las plantas, las condiciones ambientales del 
vivero y las prácticas de cultivo empleadas (fecha de siembra, densidad de cultivo, tipo de 
contenedor, grado de sombreo, régimen de fertilización y riego, podas aéreas, etc.) 
(Navarro-Cerrillo et al., 2006b). Los atributos morfológicos más utilizados para caracterizar 
la calidad de una planta han sido: la altura de la parte aérea (H), el diámetro del cuello de 
la raíz (DCR) y los pesos secos de la raíz y la parte aérea (PSR y PSA). También se han 
usado índices o relaciones morfológicas, que son combinaciones de dos o más atributos 
morfológicos, siendo la esbeltez (H/DCR) y la relación entre el peso seco de la parte 
aérea y la radical (PSA/PSR) los más empleados (Navarro-Cerrillo et al., 2006b). Estos 
índices vienen a paliar la deficiencia interpretativa que estos atributos poseen al 
considerarlos de forma individualizada, sobre todo cuando se analiza el equilibrio 
alcanzado entre el desarrollo de la parte aérea o transpirante y la radical o absorbente 
(Thompson, 1985). No obstante, en condiciones de campo, la validez de estos índices 
puede ser escasa (Bernier et al., 1995). El índice de calidad de Dickson (Ritchie, 1984) 
integra la esbeltez y la relación PA/PR, y se ha empleado con éxito para predecir el 
comportamiento en campo de varias especies de coníferas. 
 
Considerando estos atributos desde una óptica exclusivamente viverística, la 
morfología de la planta es la manifestación de su respuesta fisiológica a las condiciones 
ambientales del vivero y a las prácticas de cultivo empleadas (Mexal y Landis, 1990). La 
densidad del cultivo, determinada por el tipo de envase empleado, tiene repercusiones 
sobre la calidad de planta ya que, al aumentar, disminuyen por norma general el diámetro 
y los pesos secos y aumenta la altura (Landis et al., 1990; Mexal y Landis, 1990). El 
manejo de la fertilización para dotar a la planta de una morfología adecuada al final del 
cultivo es una práctica corriente, aunque las formulaciones empleadas no siempre tienen 
efectos significativos debido a que especies diferentes reaccionan de distinta manera a los 
distintos regímenes de fertilización (Landis et al., 1998). Respecto al manejo del riego, un 
exceso de su aplicación puede llevar a problemas de aireación en el sustrato, reduciendo 
el desarrollo morfológico en general respecto de un riego que induzca un estrés moderado 
(Heiskanen, 1993, 1995), que afectará al desarrollo en altura en mayor medida que al 
crecimiento en diámetro o radical (Mexal y Landis, 1990).  
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La morfología del sistema radical está muy condicionada por el tiempo y por el 
envase de cultivo (Landis et al., 1990; Davis y Jacobs, 2005). El grado de desarrollo de las 
raíces puede medirse de diferentes formas: peso, volumen, longitud, etc. (Racey, 1985). 
También se puede estudiar la ramificación o arquitectura del sistema radical a partir de 
parámetros geométricos y topológicos mediante un análisis fractal (Fitter y Stickland, 
1992). La naturaleza del sustrato (retención de agua y nutrientes, aireación, textura y 
grado de humificación) también tiene que ver con el desarrollo morfológico de la planta y 
con el crecimiento radical en particular (Domínguez-Lerena et al., 2006). 
 
Para determinar qué atributos morfológicos son los más apropiados para medir la 
calidad funcional de una planta, deberían elegirse los atributos que mejor puedan predecir 
el establecimiento de la planta en campo, en términos de supervivencia y crecimiento, y 
que a la vez sean sencillos de medir (Navarro-Cerrillo et al., 2006b).  
 
3.2. Atributos fisiológicos 
 
Los elementos principales de la fisiología de una planta que desempeñan un papel 
importante en el éxito de una plantación son la resistencia a heladas, la nutrición mineral y 
las reservas de carbohidratos (Duryea y McClain, 1984). Mattsson (1997) amplía la lista 
incluyendo atributos relacionados con el agua en el interior de la planta (potencial hídrico y 
conductividad hidráulica). Sin embargo, estos atributos presentan el inconveniente de la 
complejidad de su medición, interpretación, e incluso, de su elevado coste, por lo que en 
muchos casos no puede generalizarse estos procedimientos de caracterización a 
pequeños viveros. Además, dada la inestabilidad de las propiedades fisiológicas, se ha de 
tener en cuenta el momento de su evaluación (Sutton, 1979; Puttonen, 1997). 
 
La nutrición mineral tiene un papel de gran importancia en la calidad de la planta 
para repoblación. Los niveles óptimos de los diferentes elementos dependen de la 
especie, del lugar de plantación y de las condiciones de cultivo (Puértolas et al., 2003; 
Oliet et al., 2006). En especies mediterráneas, las experiencias con diferentes niveles de 
fertilización en vivero han dado como resultado que el crecimiento en campo aumenta 
cuanto mayor es el aporte de nutrientes. Este efecto positivo viene condicionado 
principalmente por la producción de plantas más grandes y no por el aumento de su 
concentración de nutrientes. La estrategia sería maximizar el contenido total de cada 
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nutriente (es decir, el producto biomasa x concentración) mediante un aumento de la 
fertilización durante todo el cultivo, produciendo plantas que gracias a su mayor capacidad 
de crecimiento en el periodo favorable manifiesten una mejor respuesta post-trasplante, a 
pesar de un cierto desequilibrio morfológico entre la parte aérea y la raíz (Oliet et al., 
2006). 
 
Las plantas de pino carrasco mostraron relaciones positivas entre las 
concentraciones foliares de N (primer año sólo) y el incremento absoluto de la altura de 
los individuos plantados sobre substratos margosos. Las plantas con mayor concentración 
de N foliar en vivero parecen mostrar mayores crecimientos en altura en el segundo año 
tras la plantación. (Puértolas et al., 2003, Oliet et al., 2009). 
 
Otro atributo fisiológico normalmente considerado es el contenido o concentración 
en carbohidratos no estructurales, los cuales constituyen el almacén principal de energía 
de la planta, de modo que cuando la actividad fotosintética se reduce, el desarrollo vegetal 
depende necesariamente de ellos (Marshall, 1985; Burdett, 1990). La concentración de 
carbohidratos en planta mediterránea no ha tenido resultados concluyentes en los 
estudios realizados (Oliet et al., 2006; Villar-Salvador et al., 2015). 
 
3.3. Atributos de respuesta 
 
Los atributos de respuesta se basan en relacionar la respuesta en crecimiento y la 
supervivencia de la planta bajo unas determinadas condiciones, favorables o no, con su 
respuesta en campo. Estos atributos combinan factores morfológicos y fisiológicos de la 
planta. Entre ellos, el potencial de regeneración o crecimiento radical (PRR ó PCR) es el 
atributo más utilizado (Ritchie y Tanaka, 1990). El PCR es una medida de la capacidad de 
una planta para producir nuevas raíces cuando crece en unas condiciones ambientales 
ideales (Ritchie, 1985). Sin embargo, las condiciones en que se realiza el ensayo 
(temperatura y fotoperiodo y duración), y los procedimientos de cuantificación del nuevo 
crecimiento radical (medición directa, aumento de peso o volumen, empleo de índices, 
etc.) presentan una gran variación en los diferentes trabajos (Burdett, 1987; Landis y 
Skakel, 1988), lo que supone un problema para su interpretación, la calidad de sus 
predicciones y para su realización por parte del viverista. Además, la falta de condiciones y 
métodos estándar hace difícil la comparación de lotes de plantas caracterizadas por este 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
 
   52 
atributo. En todo caso, el PCR tiene un valor orientativo, informándonos, si este es muy 
grande o muy pequeño, y en términos de probabilidad, que una planta es mejor que otra 
respectivamente al comparar lotes, pero sin predecir con certeza cuál será la supervivencia 
que se derive de un valor concreto de PCR. 
 
3.4. Calidad de plata de Pinus halepensis 
 
En ambientes mediterráneos, los atributos morfológicos de las plantas al salir del 
vivero tienen, en la mayoría de los casos, una baja capacidad de predicción de la 
respuesta en campo. Sin embargo, cuando existe algún tipo de relación, la planta de 
mayor tamaño y proporción de parte aérea media o grande tiende a mostrar una mejor 
respuesta al establecimiento. (Royo et al., 2001; Navarro-Cerrillo et al., 2006b). Aunque 
todavía no se sabe con precisión cuál es la morfología que deben tener los brinzales de 
las distintas especies forestales mediterráneas para desarrollarse adecuadamente en las 
repoblaciones, el uso de atributos morfológicos es actualmente el único requisito de 
calidad de planta forestal recogido por la normativa y, por simplicidad, se han 
seleccionado como atributos morfológicos más representativos la altura, el diámetro en el 
cuello de la raíz, la esbeltez del tallo y la relación entre el peso seco de la parte aérea y la 
parte radical (Jacobs et al., 2005; Navarro-Cerrillo et al., 2006b; Tsakaldimi et al., 2013). 
 
La normativa vigente de calidad de planta (RD 289/2003), define la altura y el 
diámetro del tallo que deben cumplir los lotes de plantas en varias especies forestales, 
entre las que se encuentra el Pinus halepensis, para ser considerados de calidad cabal 
(Tabla 2.2). 
 
Tabla 2.2. Requisitos aplicables a las plantas comercializadas para el consumidor final en regiones de clima 
mediterráneo (RD 289/2003, anexo VII). 
 
Especie 
Edad máxima 
(años) 
Altura  mínima 
(cm) 
Altura  máxima 
(cm) 
Diámetro mínimo 
del cuello de la raíz 
(mm) 
Pinus halepensis 
1 8 25 2 
2 12 40 3 
 
 
Las normas vigentes en la actualidad sobre calidad morfológica deberían ser 
revisadas y adecuadas a los programas de cultivo más frecuentes en viveros (Navarro-
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Cerrillo et al., 2006b). Entre los parámetros que han demostrado mayor capacidad 
predictiva del comportamiento en campo están los morfológicos y la concentración de 
nutrientes, especialmente de N (Puértolas et al., 2012). Algunas variables del sistema 
radical, como su diámetro medio, las puntas blancas o el cociente entre longitud de raíz y 
su número de puntas, pueden correlacionarse con el potencial de regeneración radical de 
la planta y, por lo tanto, con su vigor (Del Campo et al., 2007b). También, el control de las 
variables morfológicas y su mantenimiento dentro de unos valores de referencia (ventanas 
de calidad) podría ser un sistema sencillo para estandarizar el cultivo de una especie, lo 
que supondría un paso muy importante en los programas de cultivo y control de calidad en 
los viveros forestales (Navarro-Cerrillo et al., 2006b). 
 
La calidad de las plantas de pino carrasco cobra mayor importancia a medida que 
empeora la calidad del sitio que se va a repoblar (menor precipitación, mayor termicidad, 
menor profundidad efectiva del suelo, etc.) (Puértolas et al., 2012). Estos autores 
recomiendan, para el pino carrasco en estas condiciones, unos rangos para diferentes 
parámetros de calidad de planta (Tabla 2.3).  
 
 
Tabla 2.3. Rangos recomendados para diferentes parámetros de calidad de plantas de Pinus halepensis de 
una savia (Puértolas et al., 2012). 
Parámetro Valores mínimos Valores máximos 
Altura (cm) 15 40 
Diámetro del cuello de la raíz (mm) 2,5 (1) 
Esbeltez (cm mm-1) 5 10 
Peso seco aéreo - PA (g) 1,5 4 
Peso seco radical - PR (g) 0,8 (1) 
PA/PR 1,5 2,5 
Número de ramas laterales 4 (1) 
Concentración N (% peso seco) 1,5 2,0 
PRR – número de raíces>1 cm de longitud 15 (1) 
(1) No se establece máximo 
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4. RESPUESTA EN PLANTACIÓN 
 
La fase final del proceso de control de calidad de planta es el contraste en campo. 
El esfuerzo del control de calidad del viverista, tanto en términos de cuidados culturales 
como de los atributos de calidad final de un lote de planta, es evaluada por el repoblador 
exclusivamente por la respuesta en plantación, a través de la supervivencia y del 
crecimiento inicial de los brinzales plantados en campo (Navarro-Cerrillo y del Campo, 
2006a) 
 
La respuesta de la planta al establecimiento depende de varios factores 
relacionados, cuya importancia relativa en el éxito final varía en función de las condiciones 
del lugar de plantación y de las técnicas empleadas (Navarro-Cerrillo et al., 2006a). South 
(2000), ha sugerido que la respuesta inicial en una plantación está afectada, en orden de 
importancia, por las condiciones ambientales, el manejo de la planta, su morfología y su 
fisiología.  
 
El periodo de establecimiento es variable, aunque generalmente se acepta que 
tiene una duración básica de dos años, con una mayor importancia del primero. En este 
periodo inicial, puede distinguirse una primera fase, especialmente crítica, en la cual el 
brinzal debe recuperarse del posible estrés sufrido durante su manejo y establecer el 
contacto entre sus raíces y el suelo, a fin de retomar las funciones vitales de absorción de 
agua y nutrientes en el nuevo ambiente (Margolis y Brand, 1990). En una segunda fase, 
tras el restablecimiento de las funciones fisiológicas de la planta, lo deseable es que ésta 
exhiba unos patrones de crecimiento y de desarrollo adecuados a las condiciones de la 
estación y de la capacidad de la especie. Este desarrollo morfológico tiene especial 
importancia en climas mediterráneos, donde la planta debe garantizarse el suministro 
hídrico antes de que llegue el primer verano (Navarro-Cerrillo et al., 2006b). El mayor o 
menor éxito en la consecución de estos objetivos es lo que constituye la respuesta en 
plantación, tradicionalmente cuantificada en términos de supervivencia y crecimiento. La 
respuesta en plantación o al establecimiento se ve afectada por multitud de factores que 
son los que deben condicionar la elección de la calidad de planta y de la técnica 
repobladora. (Navarro-Cerrillo et al., 2006a) 
 
El éxito temprano de una repoblación está relacionado directamente con la 
evolución de las condiciones meteorológicas inmediatamente después del 
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establecimiento. Los factores ambientales y de estación predominan sobre el factor 
calidad de planta como principales responsables de la respuesta en plantación, aunque 
cuando se trabaja en unas mismas condiciones ambientales, la influencia de la calidad de 
planta suele ser definitiva (Ketchum y Rose, 2000; Navarro-Cerrillo et al., 2006a). La 
supervivencia de las plantas viene determinada por la evolución de las condiciones 
climáticas después de la plantación y durante todo el establecimiento, y esta dependencia, 
en el ámbito mediterráneo, se concreta en la existencia, en primer lugar, de 
precipitaciones que aseguren un arraigo inicial de la planta, y en segundo lugar, de un 
periodo vegetativo suficientemente largo, previo a la llegada del periodo estival seco. Esto 
hace que los factores que afectan al estado hídrico de la planta en el momento de la 
plantación tengan una influencia decisiva en la supervivencia inicial (Burdett, 1990; 
Heiskanen y Rikala, 2000).  
 
Los procedimientos de preparación del terreno de mayor intensidad 
(retroexcavadora y subsolados) tienden a mejorar el éxito de la plantación en clima 
mediterráneo, aumentando la supervivencia al influir directamente en el volumen de agua 
infiltrado en la zona radical del plantón. Esta variable, sin embargo, no presentó una 
correlación significativa con el crecimiento (Navarro-Cerrillo et al., 2006a) 
 
La fecha de plantación ha sido considerado uno de los factores de mayor 
importancia en la supervivencia al final del primer año (Royo et al., 2000). En especies 
mediterráneas, las plantaciones realizadas durante el periodo entre noviembre y enero, 
parecen asegurar el éxito de la repoblación, aunque un retraso excesivo en la fecha de 
plantación puede comprometer la supervivencia final, independientemente de la calidad 
del resto de las labores y del procedimiento de preparación (Navarro-Cerrillo et al., 
2006a). Para pino carrasco, la época de plantación con mayores posibilidades de 
supervivencia (>90%) se extiende desde primeros de noviembre a primeros de marzo en 
condiciones meso-mediterráneas (Valencia), periodo que puede ser excesivo en 
condiciones termo-mediterráneas con elevada demanda evapotranspirativa en primavera 
(Navarro-Cerrillo et al., 2006a) 
 
Las condiciones ambientales (topografía, edafología, climatología,...) pueden llegar 
a ser extraordinariamente variables entre localizaciones o rodales, lo que hace 
conveniente considerar el concepto de micrositio como un factor más que afecta al 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
 
   56 
establecimiento. La identificación de estos micrositios o puntos de plantación donde se 
presenta una conjunción favorable de factores ambientales (luminosidad, infiltración de 
escorrentías superficiales, microtopografía, etc.) podría suponer una importante mejora 
del establecimiento de plantaciones, aunque todavía no se conoce suficientemente la 
influencia de estas condiciones de micrositio pueden tener en el éxito temprano de 
repoblaciones en clima mediterráneo (Navarro-Cerrillo et al., 2006a) 
 
Las parcelas de contraste suponen la etapa final del proceso de control de cultivo 
en vivero y mejora de respuesta en campo, a través de la cuales se estudian las posibles 
diferencias en la respuesta en campo para los distintos lotes de planta en función de la 
calidad y del régimen de cultivo. Estas diferencias de calidad y del comportamiento 
diferencial de los distintos lotes, permitirán establecer un estándar de calidad preliminar 
para cada una de las estaciones tipo estudiadas, y determinar hasta qué punto la calidad 
final de planta es un elemento determinante en el éxito de la repoblación forestal. El 
siguiente paso será, a partir de los resultados obtenidos en campo, la adecuación de las 
prácticas de cultivo que se consideran que influyen más en la calidad final de la planta y la 
modificación de los correspondientes regímenes de cultivo que se están empleando en 
vivero en la producción de estas plantas. 
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CAPITULO III 
 
Relación entre estación y calidad de planta de Pinus halepensis 
Mill. en repoblaciones en la provincia de Valencia. 
 
 
 
CHAPTER III 
 
Relationships between site and stock quality in Pinus halepensis 
Mill. reforestation on semiarid landscapes in eastern Spain. 
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RELATIONSHIPS BETWEEN SITE AND STOCK QUALITY IN Pinus halepensis 
MILL. REFORESTATION ON SEMIARID LANDSCAPES IN EASTERN SPAIN. 
 
 
Abstract 
 
The influence of site and stock quality factors in Aleppo pine (Pinus halepensis Mill) plantation 
establishment has been studied. Five stocklots with a contrasting seedling quality were planted on 
six different sites showing different ecologic conditions in a same regional context. This reciprocal 
study indicated that site factors (climate, meteorology and soil) explained most of the variability 
found over stock quality factors (material and performance attributes) in the overall performance 
results (F values for final survival were 64.2 and 14.1 for site and stocklot, respectively). There were 
significant interactions between both factors in survival (F=2.03 for final survival) and first growth, 
indicating that the seedling quality attributes associated with a better performance depended on site 
conditions, with physiological attributes being more dependent on the site than morphological 
attributes. The lower the site quality (poor performance), the higher the importance of stock quality, 
especially that related with seedling size and macronutrient content, which showed positive 
correlations (p<0.05) with survival,yielding differences of over 30% between stocklots. In general, a 
milder climate and a shallow site meant a higher mortality. The meteorology during the two years 
after planting confirmed this trend as survival was preferably correlated with temperature variables 
instead of with precipitation. In the first year, climate factors affected seedling performance more 
than the soil texture, whereas, in the second, growth was correlated (p<0.01) with clay and silt 
percentages, confirming a predominant effect of site over time. Soil depth is discussed as a basic 
variable possessing a determinant influence on the overall results. 
 
Key words: plantation establishment, site factors, meteorology, forest ecology, seedling physiology 
and morphology. 
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Resumen 
 
Se ha estudiado la influencia de los factores de calidad de estación y calidad de planta de pino 
carrasco (Pinus halepensis Mill) en el establecimiento de repoblaciones. Se plantaron cinco lotes 
de plantas de calidad contrastada en seis localizaciones diferentes con condiciones ecológicas 
distintas dentro de un mismo contexto regional. Este estudio recíproco indicó que los factores 
ligados a la estación (clima, meteorología y suelo) explicaban la mayor parte de la variabilidad 
encontrada antes que los factores de calidad de planta (atributos materiales y de respuesta) en los 
resultados globales obtenidos (los valores de F para la supervivencia final fueron 64,2 y 14,1 para 
la estación y el lote de planta, respectivamente). Hubo interacciones significativas entre ambos 
factores en la supervivencia (F = 2,03 para la supervivencia final) y en el crecimiento del primer 
año, lo que indica que la influencia de los atributos de calidad de planta sobre la supervivencia 
varían en función de las condiciones de la estación, siendo los atributos fisiológicos más 
dependientes de la estación que los atributos morfológicos. Cuanto menor es la calidad de la 
estación (poco productiva), mayor es la importancia de la calidad de planta, especialmente en 
relación con el tamaño de las plantas y el contenido de macronutrientes, que muestran 
correlaciones positivas (p < 0,05) con la supervivencia, produciendo diferencias de más del 30% 
entre los lotes de plantas. En general, un clima más cálido y un suelo poco profundo significó una 
mayor mortalidad. Las condiciones meteorológicas durante los dos primeros años posteriores a la 
plantación confirmaron esta tendencia, ya que la supervivencia se correlacionó preferentemente 
con las temperaturas en lugar de con la precipitación. Durante el primer año, los factores climáticos 
afectaron a la respuesta de las plantas más que la textura del suelo, mientras que en el segundo 
año el crecimiento se correlacionó (p < 0,01) con los porcentajes de arcilla y limo, confirmando el 
efecto predominante de la estación después de la fase de instalación. La profundidad del suelo es 
una variable básica que posee una influencia determinante sobre los resultados generales. 
 
Palabras clave: establecimiento de plantaciones, factores de la estación, meteorología, ecología 
forestal, fisiología y morfología de las plantas. 
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1. INTRODUCTION 
 
The Mediterranean basin is characterized by a collection of physiographic, climatic, 
geological and historical land-use factors that have caused soil erosion and degradation. 
During the last 30 years, important and reiterated wildland fires, mainly associated with 
land use changes, have led to large deforested and shrubland landscapes in some areas, 
making the desertification hazard more acute (Millán et al., 2005). In this sense, land 
restoration through reforestation has traditionally played an important role in these regions 
whenever natural regeneration has not been achieved. Aleppo pine (Pinus halepensis 
Mill.) has been the main species used in reforestation programmes in the Valencia region, 
accounting by itself for up to 31% of the total planted area and participating in mixed 
species reforestations in another 55% of the total area (Alloza, 2003). It is one of the tree 
species with the most arid habitat in the area and in many situations is the only alternative 
for reforesting extremely harsh sites. 
 
However, reforestation establishment success in the Mediterranean basin is 
dependent upon the severity of the climate. The dry, hot summers and a considerable 
precipitation irregularity during the rest of the year, combined with shallow, rocky and 
degraded sites, make seedling establishment difficult. These facts are some of the main 
reasons for the mortality rates occurring in Valencia reforestation programmes, with mean 
percentages of around 35% (Alloza, 2003). Under these conditions, nursery cultivation and 
the use of a specific high quality stock is a prerequisite for reforestation success (Burdett, 
1990; Duryea, 1985; Simpson y Ritchie, 1997). 
 
During the past 10 years there has been a considerable increase in the literature 
concerning Aleppo pine reforestation establishment (Barbera et al., 2005; Oliet et al., 
2003; Pardos et al., 2003; Pausas et al., 2004; Puertolas et al., 2003; Royo et al., 1997; 
Saquete Ferrandiz et al., 2006). In some of these works there is enough evidence to show 
that both site and stock quality factors affect outplanting results in this species. However, 
the magnitude of this response is highly variable due to the influence of site type on the 
expression of seedling quality attributes (Cortina et al., 2006; Navarro et al., 2006). Thus, 
some improvements have been propitiated by the cited works, although the operational 
reforestation programmes conducted by forest administrations still lack any 
complementary information about what combinations of nursery cultural treatments, site 
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preparation, planting dates or stock quality attributes are relevant in a specific site context. 
This situation may be due to the fact that scientific studies commonly focus on a few 
controllable seedling attributes, such as nutrition, morphology, water status, etc., allowing 
the establishment of seedling quality standards for specific experiment site conditions 
without any relation to other areas (Mattsson, 1997). In this context, it is necessary to 
identify the major site variables that dictate responses associated with the implementation 
of the aforementioned reforestation techniques. No previous studies have examined either 
site or seedling quality factors in a reciprocal way, or their interaction, in order to establish 
possible variations in stock quality standards for different sites. Moreover, field 
performance is highly dependent on the meteorology (Gomez Sanz et al., 1997) and, 
hence, site-climate variables may be of great use when explaining establishment variability 
in stock quality control programmes (McTague y Tinus, 1996). 
 
The aim of this research was to study the relationship between site and stock 
quality in the outplanting performance of Pinus halepensis Mill. In this order, the following 
questions were addressed: i) what is the relative influence between stock quality and site 
quality on reforestation success within a particular eco-regional context? ii) Is the relative 
performance of a particular stock quality consistent under different site conditions in one 
same eco-regional context? iii) if not, which seedling attributes maintain a good 
relationship with field performance regardless of the site quality and which of them are 
related to specific site conditions? and, finally, iv) which ecological and meteorological site 
parameters explain reforestation success best in that eco-regional context? 
 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material 
 
A total of five seedling stocklots of Aleppo pine (Pinus halepensis Mill.), Spanish 
provenance Easter inland grown in the 2003 season, were used in this study (Table 3.1). 
The stocklots were grown in five different forest nurseries and were destined for use in 
large-scale reforestation programmes. All stocklots belonged to one same stock-type but 
the nursery growing regimes differed in the application of culture variables such as growing 
calendar, fertilization, irrigation, growing media, and containers, resulting in different 
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stocklot qualities (Tables 3.1 and 3.2). On December 15 (2003) a random sample 
consisting of 200 seedlings extracted in history plots (Landis y Karrfalt, 1997) from each 
nursery was used to determine the quality attributes for each stocklot (Ritchie, 1984) 
(Table II): Height (cm), diameter at 0.5 cm above the root collar (mm), twigs number, shoot 
and root dry weight (g). Leaf area (cm2) and root morphology were studied using the 
software WinRhizo© v.3.1 (Regents Instruments Inc.), considering: total root length (cm), 
root average diameter (cm) and number of root tips. Using the colour analysis from this 
software, a chlorosis measurement of leaf area (%) was also computed as defined by the 
proportion corresponding to the HSI colour classes of 10;64;158, 58;127;168 and 
43;75;136 (10% tolerance). Pre-dawn water potential (Ψ, MPa) was obtained using a 
pressure chamber (Soil Moisture. Santa Barbara, California). A composite sample of foliar 
tissue from 25 plants (identical weight from every seedling) was used for macronutrient (N, 
P and K) determination. The needles were oven-dried (70ºC) and ground through a 0.5 
mm screen. Nitrogen was determined by the micro Kjeldahl method with a Kjeltec Auto 
1030 Analyser (Tecator, Sweden) after digesting the samples in concentrated H2SO4 with 
a selenium catalyst; P was assayed colorimetrically using the phosphomolybdovanadate 
method (420 nm) in a colorimeter (Technicon Autoanalyzer AAII); K was determined using 
a Varian SpectraAA-10 Atomic Absorption Spectrometer (AOAC, 2000). Starch and 
soluble sugars were determined in shoots (stem plus needles) of another 25-seedling 
composite sample (identical weight from every seedling) by means of a controlled acid 
hydrolysis procedure (Rose et al., 1991). Root growth potential (RGP, g), performed in the 
greenhouse during 28 days, was estimated in 15 seedlings per stocklot. The seedlings 
were planted, keeping their plug, in containers filled with a perlite #2 growing medium. 
Seedlings were watered but no nutrients were provided. At the conclusion of the test, the 
seedlings were carefully removed and their root growth determined by considering the 
white roots that grew outside the plug in the perlite medium. Then, the dry weight (65ºC, 
24 h) of total new roots was recorded (Ritchie y Dunlap, 1980). 
 
2.2. Site characterization and experiment design 
 
The survey was carried out during the years 2004 and 2005 in six different 
reforestation sites evenly distributed over the forestland ranges of the Valencia province 
(eastern Spain), which has an extension of 10,813 km2 (Table 3). All of them are located 
in lands that lacked a tree cover as a consequence of wildland fires or previous agricultural 
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uses. Typical soils in this region are xerochrepts and xerorthents with a low organic matter 
content, alkaline pH and with active calcium carbonate in the fine soil fraction. The climate 
is Mediterranean continental to maritime with a maximum rainfall in early autumn and a 
minimum one in July (Table 3.3). All sites belong to the same biogeoclimatic eco-region, 
although to different territorial classes (Elena Rosselló, 1997). 
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Table 3.1. Main nursery culture variables used on the five stocklots studied (GE: germination establishment phase; RG: rapid growth phase; H: hardening phase) 
 
 
 
 Nursery 
Conditions 
Nursery culture 
Stocklot Altitude 
(m asl) 
Mean 
Annual 
T (ºC) 
Environ
ment (1) 
Container: 
volume (cm3)-
height (cm)-
cells/m2 
Sowing 
date 
Watering, mean 
weekly dose, (l/m2) 
GE/RG/H 
Growing media 
composition (%) 
(2) 
Fertilization 
Type 
(3) 
N (mg/l or mg/plant) 
(4) 
P (mg/l or mg/plant) 
(4) 
K (mg/l or mg/plant) 
(4) 
Water 
(5) 
GE RG H GE RG H Water 
(5) 
GE RG H 
CA 1095 11.4 OS 200-15-390 May/10/0
3 
21.2/24.8/14.8 LP(15)-CF(30)-
CPB(30)-FS(15)-
V(5) 
 
SRF 3 100 24 2 89 
HT 1230 10.4 OS 200-15-390 Apr/20/03 16.4/19.5/17.8 LP (5)-CF (60) 
CPB(15)-FS(15)-
V(5) 
 
SRF 5 100 24 1 89 
HU 940 12.6 OS 200-15-390 Mar/26/03 23.9/38.0/34.7 LP (25)-CF(40)-
CPB(20)-FS (10)-
V(5) 
 
SRF 5 100 24 1 89 
GE 710 13.9 SH-OS 200-15-377 
 
Apr/15/03 6.5/12.3/10.4 LP(80)-DP(20) FT 9 92 81 44 115 61 27 4 49 84 91 
IP 25 17.8 OS 200-14-333 Mar/14/03 3.2/18.4/2.8 LP (100) FT 56 64 125 132 20 20 60 4 11 32 56 
 
(1) OS: Outside; SH: Shade house;  
(2) LP: Light Peat; DP: Dark Peat; CF: Coconut Fibre; CPB: Composted Pine Bark; FS: Forest soil; V: Vermiculite;  
(3) FT: Fertigation; SRF: Slow release fertilizer;  
(4) In fertigation system: mg/l; other fertilizer applications: mg/plant.  
(5) Irrigation water concentration (mg/l). 
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Table 3.2. Mean values and standard error (italics) for the seedling quality attributes measured on the five stocklots studied (December 2003). 
 
Stocklot Height, 
H 
(cm) 
Diam, 
D  
(mm) 
Twigs, 
Tw 
(#) 
Shoot dry 
wt,SW 
(g) 
Root dry 
wt, RW 
(g) 
Leaf Area, 
LA 
(cm2) 
Leaf Area  
Chlorotic, 
 %LA_Ch 
(%) 
Root  
Length,  
RL  
(cm) 
Root 
 Diameter,  
RD 
(mm) 
Root  
Tips, 
RT 
(#) 
Ψ 
(MPa) 
[N] 
(%) 
[P] 
(%) 
[K] 
(%) 
N 
(mg) 
P 
(mg) 
K 
(mg) 
Starch, 
Stch 
(%) 
Soluble 
Sugars,  
 
Sol_Sg  
(%) 
RGP 
(g) 
n 145 145 28 28 28 5 5 5 5 5 6 25* 25* 25* 25* 25* 25* 25* 25* 15 
CA 7.6 1.39 1.4 0.341 0.300 25.3 22.8 416 0.69 677 -0.22 2.4 0.36 0.79 6.5 1.2 2.4 9.8 1.7 0.040 
 0.1 0.02 0.2 0.017 0.015 2.8 2.3 50 0.02 116 0.04    
   
  0.004 
HT 12.0 2.54 6.6 1.213 1.120 89.9 10.3 1028 0.84 1392 -0.39 1.7 0.35 0.85 16.1 4.2 9.5 6.7 3.3 0.081 
 0.2 0.03 0.3 0.042 0.068 3.1 0.7 58 0.02 72 0.06    
   
  0.018 
HU 12.9 2.68 7.0 0.987 0.875 50.8 13.8 1180 0.74 1413 -0.23 1.5 0.23 0.71 11.1 2.3 6.2 5.8 1.9 0.124 
 0.2 0.05 0.5 0.060 0.060 4.9 1.8 144 0.02 130 0.04    
   
  0.018 
GE 11.8 2.59 3.2 1.169 0.904 76.7 13.2 931 0.91 1455 -0.25 1.1 0.22 0.6 10.1 2.6 5.4 4.2 7.6 0.113 
 0.2 0.04 0.6 0.070 0.047 14.8 1.2 115 0.04 300 0.03    
   
  0.018 
IP 15.7 3.12 5.7 2.167 1.145 162.5 10.3 1179 0.99 1707 -0.35 2.2 0.16 0.65 37.0 3.5 7.4 8.3 3.4 0.086 
 0.3 0.05 1.1 0.150 0.077 17.4 0.7 93 0.08 173 0.09         0.012 
 
* Composite sample of foliar tissue. 
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Table 3.3. Summary of the characteristics of six sites from Valencia province where field sites were installed in winter 2004. In climate variables, the top number indicates the 
estimated (ESTCLIMA) historical value, whereas both numbers in brackets below it indicate, respectively, its 2004 and 2005 values. In soil depth, number in brackets indicates 
standard error. (P: precipitation, T: temperature). 
Site (Altitude, m ) 
coordinates (W; N) 
Pa
 
(mm) 
Pw
 
(mm)
 
Psp
 
(mm) 
Psm 
(mm) 
Pf
 
(mm) 
Annual 
mean TM 
(ºC) 
Warmest 
month TMW 
average (ºC) 
Coolest month 
TMC average 
(ºC) 
PET 
(mm) 
Texture 
(USDA) 
Slope 
(%) 
Aspect Soil depth 
(cm) 
Alpuente (1200) 
0º59’; 39º52’ 
589 
(472;401)  
142 
(97;58)  
154 
(231;32) 
114 
(41;116) 
180 
(99;196) 
10.7 
(10.9;10.4) 
27.6 
(28.2;29) 
-1.1 
(-0.1;-4.3) 
651 Sandy 
loam 
15 S-SW 35.6 (13.8) 
Bocairent (836) 
0º 40’; 38º46’ 
521 
(943;359) 
154 
(416;125) 
147 
(388;69) 
65 
(30;12) 
155 
(112;155) 
13.4 
(14.9;14.6) 
29.7 
(33;31.2) 
1.8 
(3.6;-1) 
732 Sandy 
clay loam 
8 N 19.3 (4.9) 
Chiva (630) 
0º47’; 39º45’ 
540 
(656;352) 
132 
(154;67) 
149 
(389;67) 
80 
(17;62) 
181 
(92;152) 
14.5 
(15.7;15.1) 
30.7 
(33.2;31) 
2 
(4.2;-0.6) 
777 Clay 30 N 32.8 (4.7) 
Enguera (605) 
0º47’; 38º56’ 
455 
(702;287) 
122 
(220;74) 
131 
(347;79) 
63 
(78;20) 
140 
(55;116) 
14.6 
(15.6;15.3) 
31 
(32.9;32.9) 
2.5 
(3.1;-0.6) 
778 Clay loam 8 SW 21.8 (4.5) 
Hunde (940) 
1º12’; 39º05’ 
512 
(490;270) 
145 
(139;39) 
148 
(262;77) 
77 
(40;36) 
140 
(50;122) 
12.6 
(12.3;12.6) 
30.3 
(29.4;33.3) 
0.3 
(-0.6;-3.8) 
712 Sandy 
clay loam 
0 Flat 57.0 (5.7) 
Tous (365) 
0º40’; 39º12’ 
483 
(639;334) 
125 
(204;39) 
128 
(380;102) 
66 
(22;61) 
165 
(30;130) 
15.8 
(18;17.5) 
31.3 
(33.8;31.6) 
3.5 
(7.1;3.9) 
823 Loamy 
sand 
8 W-SW 21.2 (4.3) 
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However, despite this general pattern, there is a considerable variation in quality 
between the sites due to their altitude, temperature or soil properties. Specific site 
conditions were characterized by a set of variables related to climate and soil, (Gandullo y 
Sánchez Palomares, 1994): total annual, winter, spring, summer and autumn 
precipitations (denoted by Pa, Pw, Psp, Psm and Pf respectively, mm); annual mean 
temperature (TM, ºC), mean daily maximum and mean temperatures of the warmest 
month (denoted by TMxW, TMW ,respectively, ºC); mean daily minimum and mean 
temperatures of the coldest month (denoted by TMnC, TMC, respectively, ºC). These 
parameters were estimated for each site using the simulation model ESTCLIMA (Sánchez 
Palomares et al., 1999)  by introducing their UTM coordinates. Other variables in this set 
are: altitude (Alt, m a.s.l.); thermicity index (Rivas-Martínez et al., 1999) defined as It = 10 
* (TM + TMnC + TMxC), TMxC being the average daily maximum temperature of the 
coldest month of the year; annual sum of the positive Pi-PETi (PET: potential 
evapotranspiration; i=Jan,…Dec) differences (Sup, mm); annual sum of the negative Pi-
PETi (i=Jan,…Dec) differences (Def, mm); annual water index, defined as IH = (100Sup - 
60Def) / PET (mm). The last three parameters are due to Thornthwaite and Mather 
(1957). Soil depth (SD, cm) and texture through its sand, silt and clay percentages in the 
top soil to 25 cm were also measured in every site (Table 3.3). 
 
A second set of variables was related to the sites’ climate during the two years 
after planting. These meteorological variables were: precipitation in the three weeks 
before planting (P3WB, mm); precipitation in the three weeks after planting (P3WA, mm); 
number of days from planting to the first precipitation ≥ 5 mm (DP1, days); total 
accumulated precipitation from planting to a specific date (PAC-date, mm); duration of the 
dry period (DDR-date, days) defined for a certain time period since planting as the 
maximum number of consecutive days with P < 5 mm; number of 3-week intervals without 
precipitation (N3W, n), defined for a specific period since planting as the number of 
intervals containing at least 3 weeks without any precipitation event higher than 5 mm; 
number of days with mean temperatures of between 17 and 22º C (T17-22-date, days) in 
a specific time period since planting; number of days with a minimum temperature lower 
than 0º C (T<0-date, days) in a specific time period since planting; and number of days 
with a maximum temperature higher than 30º C (T>30-date, days) in a specific time period 
since planting. These periods corresponded to the seedling performance assessments, 
which were done in July and December in the first year (2004) and December in the 
second year (2005). These variables were computed from records from the weather 
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station network located in the vicinity of the sites. Precipitation values were taken directly 
from these stations, whereas the temperature was corrected for altitude differences by the 
determination of the difference between mean monthly temperatures between the station 
and the site (using the ESTCLIMA model). Then, half of this difference was added to (or 
subtracted from) the station daily maximum and minimum temperatures, which can be 
considered as being a conservative criterion. 
 
In each of the six sites, an experimental plot of about 5000 m2 was delimited for 
testing the effects of stocklots. The five seedling stocklots were planted following a 
randomized block design with 9 blocks and 10 seedlings per stocklot and block (n = 90 
seedlings per stocklot and site). Site preparation, consisting of the removal of pre-existing 
natural vegetation and 30x30x30 cm hole openings and planting, was done manually by 
the same team in all the sites between January 15 and February 20, 2004. Field 
performance was assessed during 2004 (July and December) and 2005 (December) by 
repeated measurements of the basal stem diameter at 0.5 cm above the ground, total 
seedling height and survival on all seedlings. Growth rate was computed as the difference 
in height (H) and diameter (D) between two consecutive assessments (planting to Jul-04, 
Jul-04 to Dec-04 and Dec-04 to Dec-05). 
 
2.3. Data analysis 
 
A two-way ANOVA design with two fixed factors (6 sites x 5 stocklots) was 
performed in order to test for main effects and interaction between sites and stocklots on 
performance. Data were examined to ensure that the variables were distributed normally 
and that the variances were homogeneous (Levenne test). When these conditions were 
not met, power functions were used to transform the variables to achieve 
homoschedasticity. In all statistical tests, the arcsine of the square root of survival was 
used as a transformation in order to compensate for variance heterogeneity. When the 
ANOVA indicated significant differences between treatments, the Tukey post-hoc test was 
selected for the comparison of multiple means. If the interaction between both factors was 
significant, individual post-hoc tests were made for each site. A significance level of α < 
0.05 was considered in all cases. The relationships between the outplanting performance 
with the stocklot quality and the site variables were analyzed through a Pearson 
correlation coefficient (Steel y Torrie, 1988). When the ANOVA indicated a significant 
interaction between site and stocklot, then correlations were performed specifically for 
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each site (relationships between the outplanting performance with the stocklot quality) and 
for each stocklot (relationships between the outplanting performance with the site) 
although only three stocklots were selected to be simplified. 
 
In order to simplify the variables from site and stocklot quality and permit a better 
interpretation of their influence on outplanting performance, a factor analysis using the 
principal component analysis extraction method was performed. To minimize the number 
of variables with high loadings on one factor, an orthogonal rotation of factors was made 
through the varimax with the Kaiser Normalization method (SPSS, 2003). When the 
communality of any site or stocklot variable was lower than 80%, that variable was 
considered individually in the correlation analysis, together with the extracted factors. In 
the case of site meteorological variables, the communality of most variables was low 
enough and the extracted factors were not considered in the correlation analyses 
performed. All these procedures were carried out using the SPSS version 12.0 software 
package (Chicago, IL, USA). In all the cases, the values presented are means ± SE. 
 
 
3. RESULTS 
 
3.1. Meteorological conditions during the study 
 
Rainfall and temperature variations in 2004 and 2005 with respect to the estimated 
historical value are shown in Table III. Briefly, during 2004, the summer and autumn 
precipitation diminished considerably in most sites (below 50% of expected values), and, 
in 2005, the winter and spring were drier than the means (below 50%). The annual mean 
temperature variation in 2004 and 2005 was small compared to historical values. The 
average maximum temperatures in the warmest month were slightly higher for both years. 
In January (coldest month), the average minimum temperatures were reasonably higher in 
2004 and lower in 2005 than historical values. 
 
3.2. Relative influence of site and lot on out-planting performance 
 
The result of the ANOVAs performed indicated significant differences in field 
performance during the two years for the main effects of both site and stocklot factors, 
either in survival or growth (Table 3.4 and Figures 3.1, 3.2). In addition, the interaction 
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effect between both factors was also significant for survival performance and for the first 
growth period, from planting until July. However, the F statistic (Table 4) was higher for 
the site factor in most of the ANOVAs carried out, keeping a higher proportion of the total 
variability over stocklot factor and site*stocklot interaction. Actually, the F value for the 
latter was comparatively low. In addition, the results indicate that the relative influence of 
stocklot and site*stocklot interaction decreases with time since its F value was 
progressively lower. However, although the site factor explained most of the result 
variability, the stocklot performance was examined individually for each site as the 
interaction factor was significant. 
 
 
Figure 3.1. Field survival in five commercial lots of Aleppo pine during 2004-05 years in six plots sited in 
contrasting quality sites of Valencia province (eastern Spain). ANOVAs were performed for controls of July, 
December and 2nd December; here, the presence of letters indicates significance and different letters indicate 
statistical differences in Tukey test at p-value< 0.05. 
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The order of the final mean survival in every site was Hunde (99.6%), Alpuente 
(80%), Chiva (55%), Bocairent (43%), Tous (36%) and Enguera (12%). Considering each 
of the six sites individually, survival and growth performance among the stocklots differed 
considerably in most cases (Figures 3.1 and 3.2). The site-specific Tukey tests indicated 
significant differences in survival (Jul-04, Dec-04 and Dec-05) in all the sites except 
Alpuente and Hunde (Table 3.4 and Figure 3.1). On the contrary, the Enguera survival 
was very low for all stocklots, although there were significant differences between some of 
them (over 30% after two years). The CA stocklot, which presented a lower biomass and 
nutrient content, exhibited a lower survival as early as the first months in all the sites 
(except in Hunde), and always belonged to the lowest survival Tukey group, whereas IP 
and HT, which presented a higher biomass and nutrient content, were grouped in the 
highest one (Figure 3.1). 
 
 
Figure 3.2. Height (H) and diameter (D) increments for three time periods during 2004-05 years in five 
commercial stocklots of Aleppo pine planted in six contrasting quality sites of Valencia province (eastern 
Spain). In the first growth period (planting to Jul-04) different letters for a site indicate statistical differences 
between stocklots (p-value< 0.05). 
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Regarding growth performance (Figure 3.2), the higher growth rate for the first 
months after planting, common to all the stocklots and sites, followed by a sharp decrease 
in the summer period and a gradual recovery during the second year depending on the 
site, can be highlighted. During the first period, seedling growth, either in height or 
diameter, showed significant differences between stocklots (Table 3.4 and Figure 3.2), 
similar to that observed for survival. Thus, lower growth rates for the stocklots that had the 
lowest survival rates (CA and GE) can be observed, whereas HT, IP and HU showed 
higher growth rates. Although the interaction between site and stocklot was significant in 
this period, the order of the stocklots is quite similar between sites (Figure 3.2, top). 
Actually, in the second growth period (Jul-04 to Dec-04) there was no interaction between 
the site and the stocklots, the latter being classified according to their general 
performance throughout the sites (Figure 3.2, middle). In the third period, there was no 
significance in growth between stocklots, this only being dependent on the site (Figure 
3.2, bottom). 
 
3.3. Outplanting performance and seedling quality attributes 
 
The factor analysis for seedling quality attributes (not shown) was made to extract 
only two factors (or components) for ease of plotting (Figure 3.3A). The results explained 
80% of the total variance (53.5 and 26.5% for components A1 and A2, respectively) and 
the communality (proportion of variance explained for a particular variable) was over 80% 
for all variables, except for twigs number (57%), root diameter (68%), P, K and soluble 
sugar concentrations (61, 58 and 52%, respectively) and N, P and K contents (79, 78 and 
76%, respectively). Figure 3.3A shows the score of each variable on both components as 
well as the score of each of the five stocklots. A higher and stronger association of 
morphology-related variables with Component A1 and a higher and weaker association of 
physiological variables with Component A2 stand out. 
 
Table 3.4. Summary of the results (F- values and significance) of the analysis of variance (two-way ANOVA) 
of main effects (Stocklot and Site) and interactions on survival and growth performance of Aleppo pine during 
the first (Jul-04 and Dec-04) and the second (Dec-05) years since planting. 
 Survival Growth (height -H- and diameter -D- increments) 
 Jul-04 Dec-04 Dec-05 ∆H-Jul04 ∆D-Jul04 ∆H-Dec04 ∆D-Dec04 ∆H-Dec05 ∆D-Dec05 
Site 40.28** 50.37** 64.22** 64.52** 211.39** 43.12** 49.50** 33.82** 67.60** 
Stocklot 38.70** 18.96** 14.13** 87.63** 75.82** 2.68* 7.21** 2.18 2.00 
Stocklot *Site 6.50** 1.71* 2.03** 2.66** 3.81** 1.23 1.14 1.69 1.90 
 * p < 0.05; ** p < 0.01. 
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Figure 3.3. Plotting of the two components extracted from factor analysis representing the scoring on them for 
different seedling quality attributes and stocklots (A) and different climate and soil variables and sites (B). The 
extraction method was the Principal Component. Abbreviations are explained in the text and in Table II. 
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Significant correlations between seedling quality attributes (including both 
components extracted) and field performance are shown individually for each site in Table 
V (Hunde and Alpuente sites are omitted since the post-hoc tests did not detect 
differences between the stocklots’ performance). Positive relationships for survival with 
Component A1 and, for the second year, for height growth with Component A2 were 
obtained (Table 3.5). In particular, the seedling size (associated with Component A1, 
Figure 3.3A) was positively correlated with survival in Enguera (clay and intermediate 
temperature) and Bocairent (balanced texture and intermediate temperature), which 
means that larger seedlings survived better in some of the worst (lower survival) sites. In 
the sandy and warmest site of Tous and in the site of Chiva (mostly clayey soil with an 
intermediate temperature regime) survival was also positively correlated with size (twigs 
number and other size attributes omitted in favour of components). Physiological 
attributes (mostly associated with Component A2) showed lower correlations, those 
standing out being those of nutrient contents, which were site-specific (Table 3.5). On the 
contrary, correlations with growth performance were very scarce. 
 
3.4. Outplanting performance and site quality variables 
 
Field performance and the variables selected for site characterization (climatic and 
edaphic) also presented significant correlations (Table 3.5). To avoid an excess of 
information, we have only shown the results for HT, IP and CA, the three stocklots which 
gave contrasting performance results (although the 2005 growth was analyzed for all 
stocklots because of the absence of differences between them). The factor analysis for 
site variables (not shown) extracted two factors (Figure 3.3) which explained 82% of the 
total variance (66 and 16% for components B1 and B2, respectively). The communality 
was in the range of 78-98% for all variables, except for PW (45%), PF (16%) and soil 
depth (27%). Figure 3B shows the score of each variable on both components as well as 
the score of each of the six sites. A higher association of climate-related variables with 
Component B1 (temperature being negatively correlated and rainfall positively correlated) 
and a higher association of soil texture variables with Component B2 (sand being 
negatively correlated and clay and silt positively correlated) stand out (Figure 3.3B). The 
correlation analysis for these two factors yielded positive relationships for survival and first 
diameter growth with Component B1 and for the second year growth with Component B2 
(Table 3.5). Thus, site temperature variables had a negative relationship with survival and 
first diameter growth, whereas clay and silt textures were only correlated with growth in 
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the second year. In addition, a noticeable element is the site soil depth correlations with 
performance (survival and growth), yielded both in the first and the second year. 
 
Table 3.5. Significant Pearson correlations of field performance (survival and growth in Jul-04, Dec-04 and 
Dec-05) with quality attributes in five Aleppo pine stocklots (n=5) and with site variables in six different sites 
(n=6). In the quality sub-matrix, only sites where stocklot performance was significantly different are referred 
(B: Bocairent; C: Chiva; E: Enguera; T: Tous). In the site sub-matrix only three stocklots (Ca, Ht and Ip) 
covering the performance rank are referred. The site or stocklot code indicates a correlation at the 0.05 level; * 
indicates a correlation at the 0.01 level; - indicates a negative correlation. In all cases, only significant 
correlations are shown. 
 
 
The factor analysis for meteorological variables was rejected because of the loss 
of important correlations (when only using the components) with performance variables. In 
the meteorological setting described before, the results indicate that survival was 
preferably correlated with temperature variables instead of precipitation, with the cool and 
temperate days favouring survival in the three stocklots (Table 3.5). In this sense, the 
worst performing stocklot (CA) showed more correlations than the others, indicating a 
greater dependence on meteorology. Precipitation-related variables (P3WA, N3W-Dec, 
PAC-Dec and DP1), strongly biased by rain events in Enguera and Tous at planting, 
showed poor and contradictory correlations with survival and growth. 
 
 
 
Site Variables Survival Growth (height -H- and diameter -D- increments) 
Jul-04 Dec-04 Dec-05 ∆H-Jul04 ∆D-Jul04 ∆H-Dec04 ∆D-Dec04 ∆H-Dec05 ∆D-Dec05 
Seedling Quality          
Twigs C,T C*,T C*,T   T-    
N content   B,E       
P content B B        
K content B,E,T B,T        
COMPONENT A1  B,E* B*,E      E*- 
COMPONENT A2        B  
Climate & soil          
Winter P Ca   Ca,Ht      
Soil Depth  Ca,Ht,Ip Ca,Ht,Ip  Ca*,Ht*,Ip Ca*, Ht,Ip   All* 
COMPONENT B1  Ca,Ip  Ca*,Ip      
COMPONENT B2        All* All* 
Site weather          
DDR-Jul04       Ca,Ht*,Ip* All All* 
N3W-Dec04   Ca  Ca,Ht,Ip Ca,Ht*,Ip* Ca  All* 
P3WA  Ip-  Ht- Ip- Ht-  All*- All*- 
Days to 1st P  Ca,Ht, Ca,Ht,Ip  Ca*,Ht Ca*,Ht,Ip Ca,Ht,Ip  All* 
PAC-Dec04  Ca-,Ht*- Ca-,Ht*-,Ip-       
Days T17-22-Jun04 Ca-,Ht- Ca-,Ip- Ca-,Ip-       
Days T17-22-Dec04  Ca,Ht,Ip Ca Ca      
Days T<0-Jul04 Ca Ca*,Ht,Ip* Ca*,Ht,Ip Ca Ca     
Days T<0-Dec04  Ca,Ht,Ip Ca Ca      
Days T>30-Dec05   Ca*-       
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4. DISCUSSION 
 
Both seedling and site quality have been thoroughly proven to play an important 
role in plantation success (Hobbs, 1984; Mattsson, 1997). Our two years of out-planting 
results agree with this statement, as the survival and growth varied widely between sites 
and stocklots, indicating a predominant effect of site over stocklot quality that increased 
with time within the temporal and eco-regional context considered. In addition to this, the 
stocklot quality expression depended on site. 
 
Final survival rates (and growth) observed in some of the sites studied (mainly in 
Enguera, Tous and Bocairent) can be considered as being very low when compared to 
those reported in other studies with the species (Oliet et al., 1997; Oliet et al., 2003; 
Puertolas et al., 2003) and are unacceptable for reforestation works. One of the reasons 
to explain the low survival recorded in our study could be the shallowness of soils and, 
consequently, the manual hole-opening site preparation which is common to this area. 
Although mechanized site preparation is not viable in many sites because of their rocky 
nature, its ability to improve survival and growth in the species in similar situations has 
been verified (Alloza, 2003; Barbera et al., 2005). In fact, in our study, the performance of 
all stocklots was correlated with soil depth, which was, for most of the sites, the 
unfavourable range of around 20-30 cm (Alloza, 2003; Bonfils, 1978; Oliet et al., 2002). 
This site variable seems to have had an important influence on the overall results. 
 
The heterogeneity previously reported for Aleppo pine commercial stock (Royo et 
al., 1997) was confirmed in our stocklots, which presented a wide range for most quality 
attributes that ultimately affected out-planting performance in the six sites tested. 
However, survival and growth performance was affected by stocklot quality especially in 
those sites with high mortality rates (the worst quality sites), lacking any influence in the 
best survival sites. This confirms that the influence of seedling quality on survival is 
proportionally higher as the site quality decreases (Burdett, 1990; Simpson y Ritchie, 
1997). 
 
In Aleppo pine, the effect of seedling quality on field performance is well known 
(Puertolas et al., 2003; Royo et al., 1997) as is its greater influence when site conditions 
are harsher (Oliet et al., 1997; Oliet et al., 2003). However, in spite of this consensus, 
there is no uniformity in the attributes that promote a successful establishment (Cortina et 
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al., 2006; Navarro et al., 2006; Oliet et al., 2006). Morphological and physiological 
attributes seem to be positively correlated with survival in most studies, as in our case. 
However, it should be noted that our correlations were more pronounced due to the 
smallest size stocklot (CA), which may be below marketable specifications. Nutritional 
status is another debated topic regarding Aleppo pine seedling quality (Oliet et al., 1997; 
Oliet et al., 2006; Puertolas et al., 2003). Oliet et al. (2006), in a recent review, deduced 
only a marginal effect (p < 0.1) of N concentration on field survival. We did not find this 
relation but, rather, a poor performance response for the stocklot that presented the 
highest value in this attribute (CA: 2.4%). On the contrary, we found correlations between 
N content and survival in some of the worst sites (Enguera and Bocairent) as well as for P 
and K contents, all in the poor-quality sites. Thus, potassium content would improve 
survival in these sites, particularly in sandy low-fertility soil (Tous), whereas phosphorus 
would be appropriate in a high pH limestone-derived soil (Pausas et al., 2004; 
Valdecantos et al., 2006). These findings emphasize three points that would agree with 
other studies cited above: (i) the positive influence of nutrient and morphology on field 
performance in Aleppo pine; (ii) the fact that N improves survival in the harsher sites and 
(iii) that nutrient influence on performance is highly dependent on site characteristics. 
 
Growth performance was similar to survival in the first period, whereas in the 
second period the differences between stocklots decreased and even CA showed a 
higher height growth than other stocklots like IP or HU. This may be explained by the fact 
that younger and smaller seedlings from woody plants experience higher relative growth 
rates (Hunt y Cornelissen, 1997). However, it does not seem to be an establishment 
advantage as its mortality rates did not decrease any more than the other stocklots did 
(see Alpunte and Bocairent sites). During the second year, growth was probably more 
controlled by site properties (as observed in the results section) along with microsite 
characteristics, as can be deduced from the larger standard error in Figure 3.2. 
 
From the aforementioned arguments, it could be assumed that seedling quality is 
highly necessary when the site quality is worse. So, there is a need to establish or identify 
which site variables would be the most useful ones for this purpose in a specific regional 
context. In this sense, our results indicated that different site-defining variables played 
different roles during the period studied. In the soil and climate group, precipitation and 
evapotranspiration-related variables, which are associated with better site quality indexes 
in the Spanish range of this species (Gandullo y Sánchez Palomares, 1994), were also 
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indicative of site quality from a reforestation establishment point of view since they were 
positively correlated with Component B1, which was related to higher survival rates in 
some stocklots. Temperature-related variables (negatively correlated with Component B1) 
influenced post-summer establishment, meaning higher mortality when the site was 
warmer. Soil texture (or Component B2) showed a scant relationship with the out-planting 
performance, especially with survival, despite its considerable variation: sand and clay 
were in the range of 27 - 84 and 2 - 44%, respectively. Thus, texture influenced 
performance only for second year growth, with clay and silt percentages associated with 
higher height and diameter growth rates than in sandy soils, revealing a possible fertility 
influence. This result, agrees with the negative correlation between the soil sand 
percentage in Aleppo pine stands and its site quality index, which is calculated from the 
stand dominant height (Gandullo y Sánchez Palomares, 1994). This fact, of growth 
dependence from site factors in the second year, could mean the overcoming of the 
establishment phase (Burdett, 1990). In the Valencia region, survival and growth in marl 
and limestone soils are related to a lower proportion of finer soil particles, according to 
some studies (Alloza, 2003; Vilagrosa et al., 1997;), although others (Valdecantos et al., 
2006) did not find this relationship. In fact, these results may rather be an effect of the 
different depths commonly associated with both soil types, a variable that has shown 
more correlations with performance than any other in our study. 
 
On the other hand, meteorological variables have also played an important role in 
performance. The establishment weather condition is a determinant factor that affects 
performance (McTague y Tinus, 1996; Oliet et al., 1997). In our study, mild to cool 
temperature regimes improved survival and first growth (in CA stocklot) in agreement with 
the results observed for climate. This indicates the greater importance of temperature over 
precipitation, which could be partially explained by the fact that the rainfall in the first 
months of the research was sufficiently heavy in all the sites and, hence, no discriminating 
effect was associated with them. This occurred especially on planting days in the sites 
that recorded the lowest survival rates, making some of our precipitation variables yield 
contradictory correlations with performance. However, the 2004 summer and autumn 
precipitations, which are reported to influence the survival of Aleppo pine (Oliet et al., 
1997; Royo et al., 2001), were very low for most sites except in the lowest survival site of 
Enguera (see Table 3.3), and no correlation was detected. This may suggest that, in our 
regional context, temperature would explain performance results in a better way than 
precipitation, although Alloza (2003) reported significant relationships between the length 
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of dry periods and survival, which we did not find. In a recent review on Mediterranean 
reforestation works (Navarro et al., 2006), the role of other weather variables besides 
rainfall has been shown. Other studies (McTague y Tinus, 1996) also obtained significant 
relationships in a wide regional context between survival and the number of days on which 
a surface temperature of 30º C was exceeded. Moreover, correlations were higher for the 
lowest surviving stocklot (CA), underlining that a vulnerability to meteorology increases 
with poor stocklot quality. 
 
Most of the results obtained in our study, as well as their consistency with previous 
work on the species, can be explained by considering soil depth as the main site variable. 
In stony shallow soils, seedling roots have to expend additional resources searching for 
bedrock cracks before warm temperatures dry out the soil profile and deplete available 
water in the first 30 cm (Oliet et al., 2002). Higher plant size and nutrient reserves allowed 
for a higher root gross growth and, hence, a greater potential for finding deep crevices, an 
ability of the species to overcome water stress (Oppenheimer, 1957, cited in Schiller, 
2000). Cooler temperatures (low evaporation demand), deeper soils (higher water 
content), heavier site preparation, early season planting, summer storms, etc. would affect 
this basic process and, therefore, make seedling quality relatively less important. Soil 
depth is one of the main limiting factors to reforestation in semiarid climates (Bonfils, 
1978) and is, in our view, the first site variable that can explain performance differences in 
our results and those obtained for other areas with annual precipitation in the 
approximately 200 mm range but with survivals of over 80%. 
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5. CONCLUSIONS 
 
Results from this experiment indicate that site is the main factor explaining field 
performance in Aleppo pine reforestation over seedling quality factors, which may be 
more or less relevant according to site conditions. The best quality sites (in terms of 
seedling performance) were those associated with cooler temperature regimes throughout 
the year and deeper soils. In these cases, the seedling quality effect may be inexistent. 
On the contrary, shallow, warm sites had a negative influence on seedling performance 
despite the favourable rain events recorded on them. Here, seedling size and nutrient 
contents seem to favour survival, probably because they promote a higher growth of roots 
before the soil profile dries out. In this sense, soil depth, climate evaporation demand and 
root growth potential could be a good variable set to model establishment success and 
this deserves additional research. 
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CAPITULO IV 
 
Localización del vivero y fertilización potásica en brinzales de 
pino carrasco 1: Efecto sobre el cultivo en vivero, crecimiento, 
alometría y calidad de planta. 
 
 
 
CHAPTER IV 
 
Nursery location and potassium enrichment in aleppo pine stock 
1. Effect on nursery culture, growth, allometry and seedling 
quality. 
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NURSERY LOCATION AND POTASSIUM ENRICHMENT IN ALEPPO PINE 
STOCK 1. EFFECT ON NURSERY CULTURE, GROWTH, ALLOMETRY AND 
SEEDLING QUALITY 
 
 
Abstract 
 
 There is a need for a better understanding of the primary role of macronutrients in Aleppo 
pine stock quality and for producing larger nutrient-loaded stock, which may be challenging for 
inland nurseries. The influence of nursery location and fertilization on nursery culture, growth, 
allometry, and seedling quality of Aleppo pine was studied in seedlings cultivated over the 2006 
growing year. Fertilization treatments considered how a K enrichment performed over common 
programs currently being practiced and divided into three levels of K/N ratio: 0.63-0.89 (normal); 
1.81-1.89 (high); and 2.25-2.53 (very high). Results showed that fertilization had a minor effect on 
seedling growth and allometry in comparison with location, which was the governing factor. 
However, fertilizing treatments significantly affected final seedling attributes, which has its origin on 
the early treatment differences that were kept up to the end of culture. Higher nutrient supply 
treatments produced the highest nutrient concentration in seedlings but they were associated with 
lower fertilization efficiencies. Fertilizer efficiency was approximately two-fold in the coastal nursery 
for the three macronutrients, although concentration was higher in the inland nursery due to lower 
seedling growth. It is concluded that warmer regions are more suitable for producing large stock 
more efficiently. 
 
Key words: fertilizing efficiency, RGR, nitrogen, phosphorus, degree-day, leachate. 
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Resumen 
 
Es preciso comprender mejor el papel primario de los macronutrientes en la calidad de 
planta de pino carrasco y como producir plantas más cargadas de nutrientes conteniendo el 
tamaño, lo que puede ser un reto para los viveros del interior con clima más continental. Se ha 
estudiado la influencia de la ubicación del vivero (interior y costa) y de la fertilización en el cultivo, 
crecimiento, alometría y calidad de planta de pino carrasco en brinzales cultivados durante el año 
2006. Los tratamientos de fertilización consistieron en un enriquecimiento de K; se realizaron 
sobre los programas habituales de cultivo y se dividieron en tres niveles según la relación K/N: 
0.63-0.89 (normal); 1,81-1,89 (alto); y 2,25-2,53 (muy alto). Los resultados mostraron que la 
fertilización tuvo un efecto menor sobre el crecimiento de los brinzales y la alometría en 
comparación con la localización del vivero, que fue el factor determinante. Sin embargo, los 
tratamientos de fertilización afectaron significativamente a los atributos finales de calidad de las 
plantas, dependiendo de los diferentes tratamientos que se mantuvieron hasta el final del cultivo. 
Los tratamientos con mayor aporte de nutrientes produjeron una concentración de nutrientes más 
alta en los brinzales, pero se asociaron con menores eficiencias de fertilización. La eficiencia de 
los fertilizantes fue aproximadamente dos veces mayor en el vivero costero para los tres 
macronutrientes, aunque la concentración fue mayor en el vivero continental debido al menor 
crecimiento de los brinzales. Se concluye que las localizaciones más cálidas son más adecuadas 
para producir plantas con los atributos finales de calidad requeridos de manera más eficiente. 
 
Palabras clave: eficiencia de la fertilización, RGR, nitrógeno, fósforo, grados-día, lixiviado. 
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1. INTRODUCTION 
 
 Seedling quality has a strong influence on field performance and is a prerequisite 
for reforestation success (Burdett, 1990). Stock quality is determined by specific attributes 
which are the consequence of the culture growing conditions, giving the nursery a key role 
in the production of a stress resistant stock, enhancing a better growth and survival 
response. Aleppo pine (Pinus halepensis Mill.) is among the most important species used 
in forest restoration in the Mediterranean basin because of its resistance to water stress in 
harsh, xeric, and degraded environments. However, its survival is not always optimal and, 
under certain site conditions, resistant stock is required (Del Campo et al., 2007b). For 
example, in warm sites with shallow soils, stock quality may make an important difference 
in field performance, whereas in cooler sites with deep soils this difference disappears. 
This is practical evidence of the definition of seedling quality as “fitness for purpose” given 
thirty years ago by Lavender et al. (1980). Stock quality specifications are needed for 
particularly harsh environments and nurseries must be encouraged to grow these 
seedlings. 
 
 Official standards for Aleppo pine (Council Directive 1999/105/EC, Spanish Royal 
Decree 289/2003) recommend a minimum root collar diameter of 2 mm and seedling 
height to be between 8 and 25 cm, although commercial stock is usually below 15 cm due 
to forester’s preferences. There has been abundant research in the last two decades to 
address some of the most important issues relating to stock quality of Aleppo pine (Oliet 
et al., 1997, 2003, 2009; Puértolas et al., 2003, 2005; del Campo et al., 2007a,b). A recent 
review of this research has concluded that: i) some seedling morphological attributes 
could be larger than that currently being recommended and produced, with diameter in the 
3-4 mm range and height in the 15-30 cm range (Navarro-Cerrillo et al., 2006); ii) 
nutritional status should maximize seedling nutrient content, with N concentrations around 
20 mg g-1, (Oliet et al., 2006); and iii) water status at planting has little impact on field 
performance of the species (Villar-Salvador et al., 1999). In the case of performance 
attributes, both frost hardiness and root growth capacity have been shown to affect 
seedling quality, although to different degrees (Fernández et al., 2003; Pardos et al., 
2003; Del Campo et al., 2007a). 
 
Although there is much agreement about the need for greater nutrient-loaded 
seedlings for Aleppo pine, some aspects of seedling quality remain unclear, especially 
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those related to mineral nutrition. For example, knowledge is lacking about the 
relationship between the species’ response in the field and phosphorus, potassium, and 
nitrogen concentration (Fernandez et al., 2003; Oliet et al., 2006, 2009), which can be 
manipulated by changing fertilizer nutrient ratios. These studies show that fertilized stock 
usually have larger biomass, which brings along with it a confounding effect of their single 
effect in field performance. Thus, there is a need for separating the reciprocal influence of 
nutritional status on morphology and vice versa, which can be addressed by testing the 
performance of different-sized seedlings with similar nutrient concentrations and same-
sized seedlings with different nutrient concentrations. 
 
However, increasing seedling size to suggested values (Navarro-Cerrillo et al., 
2006; Oliet et al., 2009) has important implications for both nursery production and field 
performance. In the field, integrated testing of large stocktypes, which is the focus of part 
II of this study (Del Campo et al., 2011), is required. In nursery production, fertilization as 
well as thermal regime have overriding effects on plant growth (Landis et al., 1992). 
Aleppo pine production in Spain depends primarily on a moderate-sized stocktype grown 
in 200-250 cm3 containers, located at the outside or in shade-houses in inland nurseries 
(500-1000 m.a.s.l.) during a single growing season (Del Campo et al., 2007b). Given 
these conditions, the easiest and most feasible way to increase seedling size is to modify 
the fertilization program. Warmer coastal regions have traditionally been excluded from 
forest stock production due to their distance from reforestation areas and forest sites 
where colder temperatures may disrupt seedling acclimation to planting site (Pardos et al., 
2003). Thus, a question that arises when thinking about larger stock production is if inland 
nurseries would be able to grow large-sized stock based only on fertilization changes, or if 
additional growing facilities (i.e. greenhouses) structures would be necessary to lengthen 
the growing season. Another question is whether coastal nurseries, which have more 
favourable climatic conditions for growing large seedlings, would benefit from this shift in 
stock specifications.  
 
In practice, modifying fertilization regimes in current nursery production in order to 
increase growth can be accomplished by increasing the rate of fertilizer applications to the 
upper range of values that are commonly recommended (Landis et al., 1989). This may 
result in changes in the growing media solution as an increase in electrical conductivity 
(EC) (Jacobs and Timmer, 2005), an increase in nutrient leaching, or a decrease in 
nutrient assimilation efficiency (Edwards, 1985; Broschat, 1995). The combined use of 
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water-soluble fertilizers injected into the irrigation system with controlled-release fertilizers 
has been proposed as means to enhance growth and improve nutrient efficiency (Eymar 
et al., 2000). Temperature also affects seedling nutrition (Whitcomb, 1988; Cabrera, 
1997). Hence, increasing fertilization would lead to a decrease in efficiency in cooler 
nurseries. Therefore, the fertilization regime should be adapted to nursery culturing 
conditions, ensuring adequate concentration of nutrients in the growing media solution 
(Landis et al., 1989). Most research concerning fertilization practices in forest nurseries 
has been conducted in a single location, and generally focused on the use of material 
grown in different nurseries and then subjecting it to experimental treatments (Pardos et 
al., 2003; Puértolas et al., 2003; Del Campo et al., 2007a,b). There is little quantitative 
information about how a determined fertilization program can modify stock growth and 
quality by itself when nursery conditions change. The information is even scarcer when 
considering the effectiveness and effects of different fertilizing nutrient ratios according to 
nursery location. 
  
Considering these facts, we carried out a study in order to address the following 
questions: i) What is the comparative ability of inland and coastal forest nurseries to grow 
large Aleppo pine stock only varying fertilization management? ii) What differences in 
nursery culture, seedling growth, and seedling quality are associated with particular 
fertilization programs between coastal and inland nurseries? iii) What are the effects of 
changing the potassium (and secondary phosphorus) to nitrogen ratio on nursery culture, 
seedling growth and seedling quality and how does the fertilization system (controlled-
release fertilizer, water-soluble fertilizer and K source) influences on it?  
 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material, fertilizer treatments, and nursery culture 
 
Seeds of Pinus halepensis Mill. were obtained from the official supplier in Valencia, 
Banc LLavors Forestals, Generalitat Valenciana, belonging to Spanish provenance region 
10 (Eastern Inland, 39º03'N, 01º05'W). On April 16, 2006, seeds were sown into a sowing 
line using 50-alveolus trays (Fores-Pot 200 cm3) in El Hontanar nursery (40º7’3’’N, 
1º21’33’’W, 1200 m.a.s.l). A total of 3500 seedlings (70 trays) were sown in a growing 
media consisting of a peat-coconut fibre-vermiculite mix (45:45:10 vol.) and kept outside. 
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On June 10, once seedlings had germinated and established, half of the trays were 
transferred to a nursery at the Universidad Politécnica de Valencia (39º29’12’’N, 
0º20’24’’W, 10 m.a.s.l). The seedlings were grown in the open in both nurseries 
throughout the study, which is a common practice in the region. Both nurseries had 
contrasting climatic conditions that affect plant culture and growth. The Hontanar nursery 
(HO) has a Mediterranean continental climate with an average rainfall and temperature of 
572 mm and 10.2ºC (ETP: 603 mm; minimum mean temperature of the coldest month and 
maximum mean temperature of the warmest month are -2.0 and 28.2ºC respectively). The 
Universidad Politécnica nursery (UP) has a Mediterranean maritime climate. Average 
rainfall and temperature are 454 mm and 17.8ºC (ETP: 879 mm; minimum mean 
temperature of the coldest month and maximum mean temperature of the warmest month 
are 7.0 and 29.6ºC respectively). Specific data from the 2006 growing year in both 
nurseries are given in the Results and Discussion sections. 
 
The main criterion for treatments definition consisted of elevating K:N ratio into 
currently operating fertilization programs (CRF and water-soluble fertilizer) which was 
obtained by adding potassium alone or combining potassium with additional increments of 
nitrogen and phosphorus. Following Edwards (1985) and Landis (2005), potassium 
sources were chosen according to the prevailing salinity level in irrigation water: 
potassium sulphate (K2SO4, 0-0-52, N-P2O5-K2O) for single potassium enrichment and 
monopotassium phosphate (KH2PO4, 0-51.5-34, N-P2O5-K2O) plus potassium nitrate 
(KNO3, 13.5-0-46, N-P2O5-K2O) for potassium, nitrogen and phosphorus enrichment. 
These fertilizers were applied into currently operating fertilization programs: controlled 
release fertilizers (CRF) and water-soluble fertilizers injection. In the case of CRF, both a 
high-end (Osmocote Plus 16-8-12+2MgO 8-9 m) and standard fertilizer commonly used in 
commercial nurseries in Valencia (Plantacote Pluss 14-8-15 +Mg+TE 8-9 m) were used. 
Thus, seven treatments were applied with varying dosage and type of fertilizer used 
(Table 4.1). The CRF represented control treatments with the standard K:N ratio used in 
tree nurseries of this species. 
 
In the case of water-soluble fertilizer injected into the irrigation system (treatments 
F-K, P-K, P-KNP, O-K and O-KNP, Table 4.1), treatments were applied twice per week 
with a 10-L watering can in which the solutions were prepared. Water-soluble fertilization 
began on June 10th in both nurseries, with the exception of the Starter application in 
treatment F-K, which ran from May 10th to June 9th. In both nurseries, watering, 
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environmental conditions, and measures to prevent fungi and other pests followed 
standard practices for this species and stocktype. From mid-September to the end of 
culture, watering was reduced to induce a physiological response in the seedlings to water 
stress. In each nursery, the 35 trays were divided into three experimental blocks of 14, 14 
and 7 trays each (corresponding to 100, 100 and 50 seedlings per fertilization treatment 
per block). The different measurements were equally applied among these three blocks.  
 
Table 4.1. Seven fertilization treatments applied to Pinus halepensis stock grown in two nurseries with 
contrasting climate (coastal: UP and continental: HO) 
 
Treatment 
code 
 
Fertilizer 
description 
 
Date of application 
(2006) 
Fertilizer 
Dosage 
g l-1 
Total nutrient 
supply, mg plant-1 
 
K/N 
 
P/N 
K  N P 
P Plantacote (CRF) Sowing to lifting 4* 100 112 28 0.89 0.25 
O Osmocote (CRF) Sowing to lifting 4* 80 128 28 0.63 0.22 
F-K Starter(7-40-17) 
Grower (18-11-18) 
Finisher (4-19-35) 
Starter: 10.5-10.6 
Grower:11.6-18.9 
Finisher:19.9-19.10 
1† 
1† 
0.6† 
439 243 136 1.81 0.56 
K2SO4 10.6-19.10 0.241† 
P-K Plantacote (CRF) Sowing to lifting 4* 252 112 28 2.25 0.25 
K2SO4 10.6-19.10 0.241† 
P-KNP Plantacote  (CRF) Sowing to lifting 4* 252 139 88 1.81 0.63 
KH2PO4 
KNO3 
10.6-19.10 0.172† 
0.131† 
O-K Osmocote (CRF) Sowing to lifting 2.5* 202 80 18 2.53 0.23 
K2SO4 10.6-19.10 0.241* 
O-KNP Osmocote (CRF) Sowing to lifting 2.5* 202 107 78 1.89 0.73 
KH2PO4 
KNO3 
10.6-19.10 0.172† 
0.131† 
 
†
  Substrate (at time of sowing). 
 *
  Dosage in water (twice weekly). 
 
 
2.2. Fertilizer efficiency determinations 
 
To evaluate the effectiveness of the fertilization treatments, leachates from each 
treatment were collected and analyzed every two weeks. Leachate was collected by 
sealing a plastic bag to the bottom of each of six individual alveolus selected randomly 
from the five trays constituting a single treatment. Leachates were left to accumulate in 
the bags for two weeks and then gathered immediately before the application of the next 
fertilization, thereby corresponding to four fertilization applications (two per week) and the 
interim watering. A composite sample of leachates from individual alveolus was taken per 
treatment, nursery and sampling date, gauged, poured into a plastic recipient and carried 
to a laboratory (Laboratorio Agroalimentario de Burjassot, Generalitat Valenciana) where 
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the following measurements were made: electrical conductivity (EC, 25ºC mS/cm), pH, 
and nutrient concentrations (mg/L) of K, NO3-, NO2-, NH4+, Ca, Mg, P and SO42-, following 
standard methods: electrometric method for pH and EC, ion chromatography for N 
compounds, P and SO42-, and optical emission spectrometry for Ca, K, and Mg (APHA, 
1998). These data were used to compare: 1) nutrient concentrations and chemical 
properties in the leachates among fertilization treatments and nursery location, and 2) 
nutrient (K, N, P) uptake efficiency together with tissue nutrient content, which was 
calculated monthly as: 
( ) 1001
1 ×
+−
−
=
−
−
iii
ii
i NlcNfcNfc
NfcNfc
Ef  (%) 
where Nfci is the foliar nutrient content (mg) at time i (i=15-jul, 15-Aug, 10-sep, 25-oct) and 
Nlci is the leachate nutrient content (mg) accumulated between i-1 and i dates, which 
corresponds to two or more samples. Leachate nutrient content is preferred to nutrient 
supply because of the temporal uncertainty of CRF regarding nutrient availability. This 
formula only calculates the fraction of nutrients recovered, or that found in leachate plus 
needles. Regarding nitrogen efficiency, the N content of NO3-, NO2- and NH4+ was 
summed to estimate total nitrogen in the leachate. Final accumulated efficiency was also 
computed as the foliar nutrient content in October with respect to the total amount of 
nutrients in the leachate.  
 
2.3. Seedling growth and development 
 
From mid July to November, seedling growth and development were determined 
by measuring morphological and physiological attributes from a randomly selected 
sample: height (H, cm), stem diameter (D, mm), root and shoot dry biomass at 65ºC (RB 
and SB, g), root length (m), average root diameter (mm), root fibrosity (percentage of root 
length with diameter lower than 0.5 mm, %), length of plug pre-existing white-functional 
roots (m) and nutrient (N, P, K, Ca, Mg and Fe) concentrations (%) in needles. Height and 
diameter were measured biweekly from a sample of 120 seedlings. The other attributes 
were measured monthly. Biomass was measured from a sample of 15 seedlings. Root 
architecture attributes were determined from 5 seedlings using WinRhizo© v.3.1 software 
(Regents Instruments Inc.). To determine nutrient concentrations, composite samples of 
foliar tissue from 15 plants (identical biomass from every seedling) per treatment were 
oven-dried (70ºC), sieved through a 0.5 mm screen and sent to a laboratory for analysis 
(Laboratorio Agroalimentario de Burjassot, GV). After preparation of plant tissue by the 
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dry ash method and digesting the samples in concentrated H2SO4 with a selenium 
catalyst, nitrogen was measured by the micro Kjeldahl method with a Kjeltec Auto 1030 
Analyser (Tecator, Sweden). Phosphorous was assayed colorimetrically using the 
phosphomolybdovanadate method (420 nm) in a colorimeter (Technicon Autoanalyzer 
AAII) and cations were measured using a Varian SpectraAA-10 Atomic Absorption 
Spectrometer (AOAC, 2000).  
 
In November, the pre-dawn water potential (MPa) of 5 seedlings per treatment was 
measured using a pressure chamber (Soil Moisture, Santa Barbara, California). Root 
growth capacity (RGC, g, as dry mass of new white roots) of 15 seedlings per treatment 
was measured in a growth chamber for 10 days (Del Campo et al., 2007a). 
 
2.4. Statistical analyses 
 
In general, chemical properties of leachates were not normally distributed 
according to a Shapiro−Wilk’s test. Therefore, a nonparametric Kruskal–Wallis test was 
used separately for nursery and fertilization factors and Tamhane’s T2 test was chosen as 
the post-hoc test for comparing the means. To compare leachate differences among 
fertilization treatments, data were normalized for each sampling date due to differences in 
the volume collected (as watering needs were different according to date and nursery). 
  
Fertilization efficiency and seedling growth were analysed with ANOVA and 
ANCOVA analyses (Ferrán, 2001), with date as the covariate, following the models: 
ANOVA: yijk = µ + αi + τj + νk + ϕij + εijk 
where µ is the true overall mean for y, αi (i = 1,2), τj (j = 1,...,7) and νk  (k=1,..3) are 
respectively the deviations due to the nursery location, the fertilization treatment and the 
block effect fixed factors, ϕij is the interaction between nursery and fertilization treatment 
and εijk is the error term. 
ANCOVA: yijk = µ + αi + τj + νk + ϕij + β (zijk – z...)+ εijk 
where µ is the true overall mean for y, αi (i = 1,2), τj (j = 1,...,7) and νk  (k=1,..3) are 
respectively the deviations due to the nursery location, fertilization treatment and the block 
effect fixed factors after allowance of y to date (z), ϕij is the interaction between nursery 
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and fertilization treatment, β is the true common slope of the regression lines, z... is the 
overall average of the covariate (date) and εijk is the error term.  
 
Seedling growth was analyzed both between consecutive time intervals (in detail) 
and for the whole growth period (accumulated trend). Regarding the detailed scale, 
differences between treatments were tested by analyzing the relative growth rates (RGR) 
of height, diameter, shoot and root dry biomass. RGR was computed for every two 
consecutive measurements in each variable according to Hoffmann and Poorter (2002). A 
multivariate ANCOVA or MANCOVA, was performed on the four RGR variables with date 
as the covariate and fertilizer treatment and nursery as fixed factors. Root architecture 
variables were also analyzed by means of a MANCOVA analysis. 
 
Differences in the cumulative growth trend along the experiment were analyzed by 
comparing the slope and intercept of regression lines of each growth variable (height, 
diameter, shoot and root dry biomass) among treatments and nurseries. Instead of using 
date of measurement as the x variable, degree-day (calculated over 7.5ºC for the 
corresponding 2006-date and nursery at each measurement) was chosen because of its 
better fit than date, as this is the main difference between the nurseries. Growth variables 
(y) were log-transformed. In addition, seedling allometry between height-diameter and 
between shoot-root dry biomass was analyzed following the general model ln y=a+b ln x, 
where x=height or shoot biomass and y=diameter or root biomass. Intercept and slope 
differences among treatments and nurseries were examined with an F test. 
  
Post-hoc tests on covariate-adjusted factors were conducted by pairwise 
comparisons of estimated marginal means using Bonferroni adjusted P-levels. In all cases 
(ANOVAs and ANCOVAs), data were examined to ensure normality and homogeneity of 
variance (Levene test). When these assumptions were violated, the variables were 
transformed with power and logarithmic functions to achieve homoscedasticity. In the 
case of ANCOVAs, regression slopes were tested to be homogeneous and independent 
of treatments by observing the interaction term between the covariate and the treatment in 
the ANCOVA output. When the assumption of parallel treatment regression lines was 
violated, a scatter-plot of the data was examined to decide whether to proceed with 
ANCOVA or not. A significance level of P≤ 0.05 was used for all analyses. Data were 
analysed with SPSS© 16.0. 
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3. RESULTS 
 
3.1. Leachate analysis, fertilizing efficiency and seedling nutrient status during the 
culture 
 
Chemical properties of leachates (EC, NO3-, P and K) differed significantly with 
both, nursery location and fertilization factors (Figure 1A. Kruskal-Wallis analyses not 
shown). Comparing location, EC and sulphate concentration showed a parallel trend, 
being significantly (P<0.001) higher in the UP nursery (EC average of 3.87 mS/cm) 
compared to the HO nursery (EC average of 1.84 mS/cm) throughout the culture. By 
contrast, leachate macronutrient concentrations were significantly lower in the UP nursery, 
averaging 145, 282 and 12.6 mg l-1 of K, NO3- and P respectively, compared to 216, 530 
and 31.7 mg l-1 (K, NO3-, P; P-values: 0.006, 0.002 and 0.000 respectively) in the HO 
nursery. Regarding the fertilization treatments, Kruskal-Wallis test revealed significant 
differences in all variables (P < 0.001) except NO2 and NH4. Treatments F-K (regular 
water-soluble fertilizer plus K2SO4) and P-KNP (Plantacote plus KH2PO4 plus KNO3) were 
markedly different from the other five treatments, producing higher nutrient 
concentrations, higher EC and lower pH in the leachates (EC: 3.21 and 4.85 mS/cm; pH: 
6.23 and 6.68; K: 281 and 305 mg l-1; NO3: 669 and 638 mg l-1; P: 32 and 48 mg l-1, for F-
K and P-KNP treatments respectively). In contrast, O-KNP (Osmocote plus KH2PO4 plus 
KNO3) and O-K (Osmocote plus K2SO4) treatments presented a contrary pattern (EC: 1.85 
and 2.14; pH: 7.27 and 7.03; K: 113 and 146; NO3: 274 and 273; P: 17 and 7, for O-KNP 
and O-K treatments respectively). The remaining treatments presented an intermediate 
pattern, with O (Oscomote) and P (Plantacote) presenting lower EC, potassium and 
phosphorus than the average, and P-K (Plantacote plus K2SO4) presenting lower pH and 
nitrates and higher K concentration in the leachate than the average.  
 
 This pattern had a direct and significant influence on fertilization efficiency, which 
differed among the fertilization treatments and between both nurseries (Table 4.2). 
However, ANCOVA results  showed a minor effect of fertilization treatment on efficiency 
relative to nursery and date (see F values in Table 4.2). Overall efficiency for the three 
macronutrients was twice as high in the UP nursery as the HO nursery (Table 4.2). 
Efficiency tended to increase from July to October in all treatments in the UP coastal 
nursery, peaking at values around 50% for nitrogen and phosphorus and 21% for 
potassium (total treatments average). In the inland nursery (HO), efficiency increased until 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
96 
September (19, 17 and 10% for N, P and K respectively) but then decreased by 
approximately one half in October.  
 
Potassium efficiency was the lowest among the three macronutrients and was 
higher in the P, O and O-KNP treatments compared to the F-K and P-KNP treatments 
(Table 4.2). However, a Tukey’s test showed only marginal differences (p≤0.1) between O 
and F-K treatments. Nitrogen efficiency was also lower in the P-KNP and especially the F-
K treatments (significant differences only between P and F-K). Finally, phosphorus 
efficiency was slightly lower than that of nitrogen (Table 4.2) and was significantly higher 
for the O and O-K treatments with respect to the F-K treatment as well as for the O-K 
compared to the P-KNP treatment. 
 
Table 4.2. Summary of the ANCOVAs (F-value, degrees of freedom, Mean Square Error and significance: 
*P≤0.05, **P≤0.01) performed on macronutrient efficiency and average (plus standard deviation) of 
macronutrient efficiency (from four different dates) according to nursery location (HO: Hontanar; UP: 
Polytechnic University) and fertilization treatment.  
 
 F(13,42); MSE=119.8 F(13,42); MSE=186.7 F(13,42); MSE=184.5 
Source of variation (fixed) Potassium Nitrogen Phosphorus 
Date (covariate) 11.98** 27.23** 28.03** 
Nursery 25.79** 79.78** 80.14** 
Fertilization Treatment 2.94* 2.82* 4.51** 
Nursery x Fert. Treat. 0.57 0.78 0.91 
Efficiency (%) 
P 12.6(8.3) 29.1(19.6) 24.1(23.8) 
O 14.2(10.9) 21.0(17.6) 25.8(20.8) 
F-K 4.0(2.9) 11.0(9.1) 11.0(7.5) 
P-K 8.1(7.1) 28.1(18.5) 22.7(21.6) 
P-KNP 5.7(4.3) 18.5(17.7) 11.9(11.5) 
O-K 7.0(4.5) 21.9(17.2) 31.8(23.7) 
O-KNP 11.2(10.1) 25.3(23) 22.8(22.3) 
HO (Nursery average) 5.8(5.3) 10.8(8.8) 9.6(6.7) 
UP (Nursery average) 12.2(8.8) 33.4(17.7) 33.2(21.6) 
 
Post-hoc groups are described in text. 
 
Final accumulated efficiency (Figure 4.1B) reveals the temporal influence of 
efficiency values presented above. It is notable that there are i) higher values in the UP 
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nursery, ii) higher values in N and P with respect to K and iii) lower values in F-K and P-
KNP treatments. 
 
Figure 4.1. Leachate macronutrient concentrations and EC (A) and final macronutrient fertilizing efficiency (B), 
calculated as the total amount of nutrient leached from June to October and the final nutrient content in the 
seedling, of Aleppo pine seedlings grown under seven fertilization treatments in two nursery locations with 
contrasting climates (HO: inland; UP: coastal). 
 
 
Seedling nutrient concentrations along the experiment differed significantly 
between nurseries for N, P and K and between fertilization treatments for P and K (Table 
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4.3). Differences in seedling N concentration were not consistent among fertilization 
treatments during the study period, which likely explains why no significant effect was 
detected. Macronutrient concentrations were higher in the HO nursery and for treatments 
F-K and P-KNP throughout the experiment (Figure 4.2). P, P-K and O-KNP treatments 
showed higher fluctuations in seedling nutrient concentration from date to date (ANCOVA 
considered values from five different dates). No interactions were found between nursery 
and treatments, indicating that the pattern of the seven treatments with different 
macronutrient concentrations was constant in both nurseries (Figure 4.2). 
 
 
Figure 4.2. Mean macronutrient concentrations in Aleppo pine needles during culture (four sampling dates) in 
seven fertilization treatments grown in two forest nursery locations (HO: inland; UP: coastal). For K and P, 
different letters indicate statistical differences in the ANCOVA post-hoc test at P≤0.05.These groupings refer 
to fertilization treatment independent of the nursery (are the same in UP location). Mean values and standard 
error are reported. 
 
 
 
3.2. Seedling growth: RGR, cumulative trend and allometry  
 
Multivariate tests of MANCOVA (Pillai's Trace, Wilks' Lambda, Hotelling's Trace 
and Roy's Largest Latent Root) revealed no significant fertilization effect on RGRs from 
July to November. Main effects confirmed this fact for the individual RGR variables in 
height, diameter, shoot and root biomass (Table 4.3). In contrast, nursery location and 
especially measurement date, significantly affected RGRs, which were higher in the first 
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weeks and in the coastal nursery (UP) (Figure 4.3). Mean values for RGR_H in the UP 
nursery were about twice those in the HO nursery, whereas the remaining variables were 
closer between the nurseries, although significantly lower in HO (Table 4.3). Fertilization 
treatments were not significant, but some intra-nursery differences highlight: in the HO 
nursery, RGR (all variables) was significantly higher in F-K than in O and O-K. In the UP 
nursery, RGR in biomass and diameter were higher in O-K than in P and P-KNP (not 
shown).  
 
Table 4.3. Summary of the ANCOVAs (variable transformation, Mean Square Error, F value, degrees of 
freedom and significance: *P≤0.05, **P≤0.01) performed on macronutrient (N, K, P) concentration in needles 
and on RGR (Height, Diameter, Shoot and Root Biomass) of Aleppo pine seedlings according to nursery 
location and fertilization treatment. 
Source N K P 
Relative Growth Rate (RGR) 
 
Height 
 
Diameter 
 
SB 
 
RB 
Power   
transformation  2.525 0.854 1.525 - - 
Variance 
heterog. - 
Degrees 
freedom 13;105 13;105 13;105 6;146 6;146 6;146 6;146 
MSE 1.563 0.019 0.0036 0.0014 0.0014 0.0042 0.0036 
F: Date 
(covariante) 319.1** 81.26** 15.58** 175.2** 141.293** 282.77** 295.88** 
F: Nursery 
location 12.32** 65.17** 55.25** 57.3** 65.347** 21.768** 16.64** 
F: Fertilization 
treatment 1.6 10.44** 12.43** 1.33 0.603 0.973 0.576 
F: Nursery  x 
fertilization 0.15 0.80 0.48 0.39 0.31 0.59 0.58 
Average HO 2.13% (0.29) 
1.25% 
(0.22) 
0.36% 
(0.09) 
0.037 cm  
cm-1week-1 
0.055 mm 
mm-1week-1 
0.130 g       
g-1week-1 
0.145 g    
g-1week-1 
Average UP 1.96% (0.32) 
1.00% 
(0.25) 
0.28% 
(0.07) 
0.081 cm  
cm-1week-1 
0.060 mm 
mm-1week-1 
0.157 g       
g-1week-1 
0.153 g     
g-1week-1 
The last two rows show the means (plus standard deviation) of each nursery location from different culture 
dates. Post-hoc groups of fertilization treatments in nutrient concentrations are represented in Figure 2. 
 
  
 MANCOVA multivariate tests on root architecture indicated a significant effect of 
nursery location and fertilization treatment. However, main effects confirmed this fact in all 
root variables set only in the nursery factor (values for HO and UP were respectively: 10.2 
and 15.3 m for root length; 0.34 and 0.38 mm for average root diameter; 81 and 77% for 
fibrosity; and 3.1 and 4.6 m for white-functional roots length). Regarding the fertilization 
factor, only root length was lower in F-K with respect to the remaining treatments (except 
O-K) and the length of white roots was higher in P-K compared to F-K, O-K and O-KNP. 
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Figure 4.3. Weekly relative growth rates in height (H, cm cm-1week-1), diameter (D, mm mm-1 week-1), 
shoot biomass (SB, g g-1 week-1) and root biomass (RB, g g-1 week-1) of Aleppo pine seedlings grown in two 
forest nursery locations (―HO: inland and ---UP: coastal) (fertilization factor did not exert a significant effect 
on RGR). 
 
 
 The cumulated growth trend of seedlings (height, diameter, shoot and root 
biomass) along the culturing period presented an excellent fit with the degree-day variable 
(Figure 4.4 A to D) and both slope and intercept terms were significantly different between 
nurseries (Table 4.4). On the other hand, cumulative seedling growth was affected by 
fertilization treatments to a much lower degree, as height was the only variable showing 
significant differences in slope (Table 4.4). This was due to the F-K treatment, which had 
a significantly higher slope coefficient than the P and P-KNP treatments (data not shown). 
Despite this, only one regression line was fitted for simplicity (Figure 4.4A). Regression 
intercepts were significantly different for height and diameter growth (Table 4), indicating, 
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in the latter, that differences among treatments are due only to initial differences at the 
beginning of the measuring period (July 2006). In contrast, no effect of fertilization on 
biomass growth was detected. 
 
 
Figure 4.4. Regression models between growth variables and degree-day (A to D) and allometric models for 
Diameter-Height and Root Biomass-Shoot Biomass (E and F) of Aleppo pine according to nursery location 
(―HO: continental and ---UP: coastal) (fertilization factor originated almost no differences). All models are 
significant at P≤0.01. 
 
 
Regarding seedling allometry, results again revealed a significant effect of nursery 
location on both height-diameter and shoot-root allometric relationships but not of 
fertilization (Table 4.4). Thus, only one regression line per nursery has been plotted for 
each pair of variables, independent of treatments (Figure 4.4 E-F). In particular, above 
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ground biomass (height or shoot biomass) was larger than below ground biomass 
(diameter or root biomass) in the UP coastal nursery, as indicated by its lower allometric 
coefficient (slope). This pattern was more pronounced for height-diameter than for shoot-
root biomass (slope values are closer). 
 
3.3. Final seedling quality 
 
In contrast with the above results, final seedling attributes differed substantially 
among fertilization treatments and nurseries, although the latter had greater weight in the 
differences with a minor contribution of fertilization treatment and fertilization x nursery 
interaction (F values, Table 4.5). Exceptions were [N], which differed only among 
fertilization treatments, and water potential and root growth capacity, which differed only 
between nurseries. In general, plants from the inland nursery (HO) had lower biomass, 
height and diameter, and higher nutrient (P and K) concentrations, water potential (-
0.12±0.05 MPa in HO and -0.18±0.08 MPa in UP) and root growth capacity (0.125±0.105 
g in HO and 0.049±0.027 g in UP).  
 
Regarding the fertilization treatments, due to the significant interactions with 
location, a nursery separated post-hoc test was performed (Table 4.5). In the HO nursery, 
all potassium fertilization treatments showed significant higher concentrations in this 
nutrient than the P and O treatments (control). The F-K treatment showed the highest 
values in both nurseries (1.51% and 1.03% for HO and UP respectively). Final K 
concentration in the UP nursery was very similar among treatments except for F-K. 
Fertilization with KH2PO4 and KNO3 led to higher macronutrient concentrations (N, P and 
K) than K2SO4, although differences were not always significant. Most treatments followed 
a similar pattern when considering either nutrient concentration or content (not shown), 
although the F-K treatment showed lower nutrient contents (N and K), especially in the UP 
nursery. In general, the F-K treatment was associated with lower seedling development, 
higher SB/RB ratio and higher nutrient concentrations. Osmocote treatments (O, O-K and 
O-KNP) presented a higher N concentration than Plantacote treatments; phosphorus 
concentration was in agreement with its supply, being higher in P-KNP and O-KNP 
treatments. Treatments O and P-KNP presented higher morphology values independent 
of the nursery; O-KNP showed lower height and root biomass in the HO nursery but the 
opposite was true in the UP nursery.  
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Table 4.4. Results of the comparison among regression lines (representing growth trend of Aleppo pine with 
degree-day and allometric models) according to nursery location and fertilization treatments: F-value and 
significance of ANOVAs performed on intercept and slope variables in the models fitted (*P≤0.05; **P≤0.01). 
  Growth trend analysis Allometric analysis 
 
y-value ln_height ln_diametre ln_shoot B ln_root B ln_diametre ln_root B 
 
x-value Degree-day (oC) ln_height ln_shoot B 
 
Source Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope 
Nursery 
location 
F-value 30.50** 10.77* 209** 48** 74.9** 11.9** 170** 31.9** 160.8** 180.7** 120.2** 18.9** 
Fertilization 
treatments 
F-value 9.01** 2.28* 3.91* 0.3 1.88 0.22 1.29 0.05 0.24 0.34 0.33 0.61 
 
 
 
 
4. DISCUSSION 
 
The results have identified differences in fertilization efficiency, seedling growth, 
allometry and final quality attributes.  
 
Regarding fertilization efficiency and seedling nutrient status, leachate and 
efficiency results demonstrated important differences between nurseries and a 
considerable gap between the F-K and P-KNP treatments with respect to the other 
fertilization treatments. Differences between nurseries can mainly be attributed to their 
contrasting climates, (i.e., continental and coastal) which are known to affect seedling 
quality and field performance in Aleppo pine (Pardos et al., 2003; Puértolas et al., 2005). 
Temperature is one of the main factors influencing plant nutrition and root function of this 
species, with optimal values in the 18-29ºC range (Whitcomb, 1988). During the study 
period, the weekly average temperatures in the continental (HO) nursery ranged from 13.2 
to 24.4ºC, whereas in the coastal nursery (UP) weekly average temperatures were 
between 19.0 and 27.8ºC. These differences had a pronounced effect on most of the 
variables measured in this work.  
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On the other hand, observed differences between treatments were more or less 
congruent with the nutrient concentrations in the fertilizers (F-K and P-KNP treatments 
supplied higher nutrient amount). It is known that increasing nutrient dosage usually leads 
to an increase in nutrient uptake (Oliet et al., 1997, 2003, 2004) but also leaching (Oliet et 
al., 1999), thus inducing a lower efficiency. The method of continuous leachate collecting 
used here revealed considerable variation in the leaching volume and nutrient 
concentration during the study (Broschat, 1995; Stowe et al., 2010). This makes fully 
reliable comparisons with other studies difficult, although mean EC in the F-K and P-KNP 
treatments in the UP nursery were high, very high or in the danger area (Oliet et al., 2004; 
Jacobs and Timmer 2005) regardless of the extraction method. This is likely to be a direct 
consequence of the water gypsum content and its contribution to EC (Papadopoulos, 
1986), as sulphate leaching in treatments without potassium sulphate averaged 1046mg 
L-1 in the UP nursery compared to 177 mg L-1 in the HO leachates. Efficiency values for N, 
P and K were below the usual range found in the literature (Cabrera, 1997; Huett, 1997b; 
Oliet et al., 2004), especially those observed in the HO nursery. This may be due to the 
different ways of reporting efficiency among authors, whether or not the amount of nutrient 
supplied is considered, the remaining amount in prills in the case of CRF, the nutrient 
content of the substrate solution, the leaching fraction, or loss of nutrients such as 
nitrogen due to volatilization and denitrification (Niemiera and Leda, 1993). Moreover, it 
should be noted that the efficiencies measured here correspond only to the nutrient 
content of needles, the biomass of which was between 39 and 57% of total seedling 
biomass depending on the treatment and date (overall average was 47%). This means 
that the efficiencies reported here could be increased by a factor of about 1.7-2.5, 
considering the variation in nutrient concentration in different tissues reported for this 
species (Oliet et al., 1999; 2004; Royo et al., 2001). This would increase UP efficiency 
values to be within the ranges found by the studies cited above for N and P (46-90% in N; 
60-94% in P) but not potassium (41-88% in K), which is likely due to the higher amounts 
supplied in our case which have whittle it down. Efficiencies were also low in the HO 
nursery (in spite of the above mentioned arguments), which is in agreement with the 
higher nutrient concentration found in the leachates from this nursery and is a likely 
consequence of lower nutrient uptake rates due to lower crop development and root plug 
colonization (Oliet et al., 2004). 
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Table 4.5. Summary of ANOVAs (F-value, significance: *P≤0.05; **P≤0.01, treatments and nursery means 
and post-hoc groups) performed on final values of morphological and physiological attributes of Pinus 
halepensis grown under seven fertilization enrichment treatments in two nursery locations (HO: inland and UP: 
coastal).  
In a column, different letters among treatments indicate significant differences according to Tukey test 
(P≤0.05). 
 
  
EC values above 4 mS cm-1 (saturated media extract) may result in root injury and 
reduce seedling growth (Huett, 1997a; Jacobs and Timmer 2005). However, seedlings 
from the UP nursery did not show apparent deficiencies in root development, but rather 
had higher values in root architecture than those from the HO nursery (e.g. treatment P-
KNP in UP). Working with Aleppo pine, Oliet et al. (2004) registered EC values above 5 
mS cm-1 in the saturation extract and reported a good seedling quality in terms of growth 
and nutritional status. In this study, the F-K treatment (which presented high EC) showed 
lower morphological values in some of the above and below ground variables considered. 
However, growth rates in this treatment over the July-October period did not differ from 
the other treatments nor its biomass increment through time. Then, the differences should 
be produced before, between May 10, when the application of Starter fertilizer began, and 
July 14, when the first measurement took place. In this period, the only known factor that 
Source Height, cm Diameter, mm Shoot B, g Root B, g N, % P, % K,% 
Nursery 7630** 2184** 539** 127.1** .184 1031** 661** 
Fertilization 19.2** 36.5** 3.3* 10.8** 64.0** 115** 105** 
Nursery  x   
Fertilization 
9.0** 11.0** 4.3** 3.8** 7.77** 32.3** 19.9** 
Nursery 
Fertilization 
HO UP HO UP HO UP HO UP HO UP HO UP HO UP 
P 8.8a 20.3b 2.69cd 3.70b 1.08a 2.60ab 1.03bc 1.47b 1.66a 1.72ab 0.39b 0.21a 0.96b 0.79ab 
O 9.4b 22.1c 2.67bcd 4.17d 1.16a 3.10b 0.91abc 1.60b 2.02c 1.89cd 0.26a 0.18a 0.79a 0.71a 
F-K 8.8a 18.2a 2.5ab 3.22a 1.16a 1.88a 0.80ab 0.88a 1.88b 2.00d 0.39b 0.29c 1.51e 1.03c 
P-K 9.5b 20.9bc 2.68cd 3.95c 1.19a 2.95b 1.04c 1.56b 1.69a 1.66a 0.39b 0.19a 1.18d 0.74ab 
P-KNP 9.6b 21.6bc 2.82d 4.04cd 1.21a 2.98b 1.03bc 1.52b 1.75a 1.67a 0.52c 0.30c 1.26d 0.84ab 
O-K 8.6a 18.8a 2.55abc 3.69b 1.02a 2.62b 0.92abc 1.33b 1.72a 1.71ab 0.28a 0.18a 1.06c 0.75ab 
O-KNP 8.4a 21.9c 2.47a 3.70b 0.94a 2.89b 0.74a 1.46b 1.76a 1.80bc 0.58d 0.25b 1.22d 0.86b 
Average 9.0 20.5 2.6 3.8 1.11 2.72 0.92 1.4 1.78 1.78 0.39 0.23 1.13 0.81 
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could have contributed to the impediment of growth in the F-K treatment is high salinity 
from the Starter fertilizer, which was applied in concentrations of 70, 174 and 141 mg L-1 
of N, P and K respectively, when recommended values are 50, 100 and 100 mg L-1 for N, 
P and K respectively (Landis et al., 1989). This would explain the significant differences in 
the intercept of height and diameter growth for this treatment (see Figure 4.4). 
Germination and establishment phases in seedling growth are especially sensitive to 
salinity build-up in the growing media solution (Jacobs and Timmer 2005), although in our 
case these differences in growth were lower than those attributed to the nursery factor. 
 
Nursery location has been found to have a determinant effect on seedling growth 
and its nutritional status during culturing. Thus, results indicate that the fertilization 
treatment had a minor influence on seedling development relative to temperature-related 
factors such as nursery location and sampling date. This is corroborated by the goodness 
of fit obtained between cumulative seedling growth and temperature of the growing 
season (degree-day), which is commonly found to have the largest effect on growth and 
biomass accumulation (Whitcomb, 1988; Nedlo et al., 2009). However, Aleppo pine is also 
able to respond significantly to fertilization treatments in terms of morphological and 
physiological attributes (Oliet et al., 1999, 2003). In fact, our results indicate that there 
were differences in the final values of quality attributes due to fertilization. Then, the 
absence of differences in growth rates according to fertilization treatment is likely due to 
the much higher importance of nursery location over fertilization treatment when they are 
considered together, thus masking the former the effect of the latter. Previous studies on 
Aleppo pine observed this same general pattern, with seedlings in the range 9-16 cm 
height for inland nursery stock and above 20 cm height for coastal or greenhouse 
produced stock (Oliet et al., 1999, 2003, 2009; Puértolas et al., 2003; del Campo et al., 
2007a,b). Another argument in explaining the absence of treatment differences in growth 
rates but not in final quality attributes has been stated previously and is related with the 
very early stage of this experiment, before any growth measurement took place (from 
germination to mid July). Figure 4.4 indicates that some differences among treatments 
were produced in that phase, maintained over the culturing period and finally translated 
into final quality attributes, thus giving a special importance to the early stage of nursery 
culture in this species. RGR is used to avoid the additive effect of seedling size on growth 
(which follows the compound interest law), so initial differences between treatments were 
not detected in the growth analysis carried out in this work. Thus, beyond a threshold of 
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nutrient supply, Aleppo pine appears to be not very sensitive to fertilization, and 
temperature is the main factor governing seedling growth and development. 
 
However, growth-temperature slopes were different for each nursery indicating that 
some other factor might have played a role in growth rates between nurseries. Water 
stress conditioning in the hardening phase was carried out by reducing watering from late 
September onwards. However, this technique was difficult in the cooler nursery (HO) 
because of higher humidity and lower evaporation characteristic of the region and season. 
In addition, smaller seedlings did not transpire fast enough to dry out the plugs (Villar-
Salvador et al., 2004). Thus water stress conditioning could only be carried out effectively 
in the coastal nursery, where higher seedling size and evaporation rate induced moderate 
to strong water stress during the final growth phase. This can be demonstrated by the pre-
dawn water potential and root growth capacity, which only showed differences between 
nurseries and are generally lower for Aleppo pine under water stress conditioning (Villar-
Salvador et al., 1999; Royo et al., 2001). The influence of this cultural treatment on 
seedling growth can be observed in Figure 4.4, where UP values beyond 3500 degree-
day showed lower dependence on temperature. In fact, deducing these values from the 
plot, slope and intercept differences between both regression lines would smooth, 
indicating a very similar temperature influence on seedling growth independently of the 
nursery.  
 
Allometric analysis indicates that the aboveground portion of seedlings was the 
preferred sink for photosynthesis gains in the UP nursery. This result is in agreement with 
results for RGR, in which the difference between height (and shoot biomass) and diameter 
(and root biomass) growth rates were higher in the UP nursery than in the HO nursery. 
This pattern could be a consequence of the lower temperatures in the continental nursery. 
In some pine species, lower temperatures have been found to stimulate calliper and/or 
root growth while higher temperatures stimulate needle growth (Gowin et al., 1980; 
Hellmers and Rook, 1973 cit. in Landis et al., 1992). However, allometric differences in 
our case are more likely a consequence of the high growing density (390 plants m-2) and 
limited container volume (200 cm3). For a given seedling size, higher growing density is 
associated with higher shoot length (Landis et al., 1990). In addition, it is known that root 
restriction imposed by container volume may hinder allometry expression (Climent et al., 
2008) and compel plants to allocate greater resources to shoots. Root biomass of large 
Aleppo pine seedlings grown in 200-230 cm3volumes usually falls within the range found 
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here, i.e. 1.40-1.70 g, independently of shoot size (Oliet et al., 1997, 2004, 2009). These 
values would be the upper limits of root biomass in this container volume. Once the limits 
are reached, seedlings allocate more biomass to their shoot. 
 
Despite differences among fertilizer treatments in the final quality assessment, 
again nursery appears to have been the main governing factor differentiating the stock. All 
treatments in the UP nursery agree with morphological values recently proposed for this 
species (Navarro-Cerrillo et al., 2006). On the other hand, HO seedling values are similar 
to those previously reported for this species and nursery (Del Campo et al., 2007a,b), 
which exhibited medium to high survival. Regarding physiological attributes, nutrient 
concentrations were in the upper range or higher than those observed in similar studies 
(Oliet et al., 2004, 2009; Fernández et al., 2003; Del Campo et al., 2007a, b). However, it 
has been proposed that K/N and P/N ratios are more important than the content of each 
nutrient separately (Landis et al., 1989) and that 0.45-0.55 and 0.14-0.20 would be the 
adequate range for K/N and P/N, respectively. In this study, UP seedlings fell within these 
ranges but HO seedlings surpassed them, suggesting acclimation to low temperatures as 
described by Fernández et al. (2003). These authors also observed higher root growth 
capacity for cold hardened seedlings, but Pardos et al. (2003) did not found any relation 
between nursery location and RGC. In fact, the lower RGC of UP seedlings was likely 
related to the hardening irrigation practised in that nursery, as explained before. Several 
studies have demonstrated lower values in RGC test when water stress is mediated 
(Tinus, 1996; Villar-Salvador et al., 1999; Vallas-Cuesta et al., 1999). Thus, this cultural 
practice seems easier to treat in warmer nurseries. 
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5. CONCLUSIONS 
 
The results found in this study indicate that inland nurseries relying only on 
fertilization changes may be limited in their capacity to grow large stock-types of Aleppo 
pine. Temperature appeared to have an overriding effect on seedling growth and high 
doses of fertilizer were associated with low efficiencies. Two-year-old stock-type or 
greenhouse infrastructure represent an alternative. Warmer regions seem to be more 
suitable for producing large stock more efficiently (more cost-effective, better crop control 
with watering, higher fertilizer efficiencies, etc.). Fertilization regimes had little effect on 
seedling growth relative to nursery location, although their relative effect was fairly 
consistent within each nursery (no interaction occurred). However, fertilization did affect 
final seedling attributes, which was likely due to the presence of early differences between 
treatments that were maintained until the end of culture. Most differences among the 
fertilizer programs can be explained by the total amount of nutrients supplied (N, P and K). 
K/N or P/N ratios have not performed similarly in the different variables considered in this 
study. Thus, K/N or P/N did not seem to play an important role in seedling nutrition. 
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CAPITULO V 
 
Localización del vivero y fertilización potásica en brinzales de 
pino carrasco. 2: Respuesta en condiciones reales y con hidrogel 
en condiciones de sequía. 
 
 
 
CHAPTER V 
 
Nursery location and potassium enrichment in aleppo pine 
 stock 2. Performance under real and hydrogel-mediated drought 
conditions. 
 
 
 
 
 
 
 
 
 
  
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
113 
 
 
NURSERY LOCATION AND POTASSIUM ENRICHMENT IN ALEPPO PINE 
STOCK 2. PERFORMANCE UNDER REAL AND HYDROGEL-MEDIATED 
DROUGHT CONDITIONS  
 
 
Abstract 
 
 This work investigates Aleppo pine performance under severe drought conditions 
according to seedling size and nutritional status, with special emphasis on potassium. The 
interaction of drought ameliorating measures such as hydrogels is also studied. Seven fertilization 
treatments applied in two nursery locations provided 14 stocklots, resulting in different seedling 
sizes for each nutrient concentration and vice versa. Stocklots were tested in a greenhouse 
experiment and a harsh site plantation experiment. In the greenhouse, seedlings given two 
hydrogel doses (0.01 and 0.1 % w/w) plus a control were allowed to dry and survival and soil 
moisture were measured. In parallel to this trial, the effects of hydrogel dosage, brand and soil 
texture on soil water properties were tested in a laboratory. Results show that large stock survived 
significantly better than conventionally-sized stock in both experiments: 37 and 27% more in the 
greenhouse and harsh site, respectively. Despite presenting wide variation, macronutrient 
concentration was not related to survival for a given size. Hydrogel effect on soil water was 
different according to factors, although in all cases its effect diminished at suction tensions higher 
than 30 kPa. Results demonstrate the overriding effect of size over nutritional status on seedling 
survival in harsh environments.  
 
Key words: seedling quality, morphology, fertilization, forest restoration, soil texture, soil moisture. 
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Resumen 
 
Este trabajo investiga la respuesta al establecimiento de pino carrasco en condiciones de sequía 
severa, en relación al tamaño de los brinzales y a su estado nutricional, con especial énfasis en el 
potasio. También se estudia la interacción con medidas para aminorar la sequía como son los 
hidrogeles. Se aplicaron siete tratamientos de fertilización en dos viveros con un total de 14 lotes 
producidos, resultando diferentes tamaños de planta para cada concentración de nutrientes y 
viceversa. Los lotes se ensayaron en un experimento en invernadero y otro experimento en  
campo. En el invernadero, los brinzales se plantaron en contenedores a dos dosis de hidrogel 
(0,01 y 0,1 por ciento peso/peso), además de un control, tras lo cual se regó a saturación y se 
dejaron secar, midiendo periódicamente la supervivencia y la humedad del suelo. En paralelo a 
este estudio, los efectos de la dosis de hidrogel, tipo y textura del suelo sobre las propiedades 
hidrofísicas del suelo fueron analizadas en un laboratorio. Los resultados muestran que la mayoría 
de los lotes de mayor tamaño sobrevivieron significativamente mejor que los de tamaño 
convencional en ambos experimentos: 37 y 27 por ciento más en el invernadero y en campo, 
respectivamente. A pesar de presentar una amplia variación, la concentración de macronutrientes 
no estaba relacionada con la supervivencia para un tamaño dado. El efecto del hidrogel en el agua 
del suelo es diferente en función de varios factores, aunque en todos los casos su efecto 
disminuyó con tensiones de succión superiores a 30 kPa. Los resultados demuestran el efecto 
predominante del tamaño sobre el estado nutricional para la supervivencia de las plántulas en 
ambientes con sequía intensa. 
 
Palabras clave: calidad de planta, morfología, fertilización, restauración forestal, textura del suelo, 
humedad del suelo. 
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1. INTRODUCTION 
 
 Forest restoration with Aleppo pine (Pinus halepensis Mill.) in the Mediterranean is 
characterized by substantial variability in establishment success mainly due to variation in 
site quality as well as stock quality (Alloza, 2003; Del Campo et al., 2007b). The harsh 
conditions typical of reforestation sites have led to the development of reforestation 
techniques such as intense site preparation, specific forest machinery, use of tree-
shelters, soil amendments, and post-planting silvicultural measures to improve 
establishment (Pemán and Navarro-Cerrillo, 1998). Stock quality is an area of active 
research and several authors recommend specific quality attributes for Aleppo pine 
(Puértolas et al., 2003; Pardos et al., 2003; Navarro-Cerrillo et al., 2006; del Campo et al., 
2007a,b; Oliet et al., 2009). In recent years, there is widespread agreement that larger, 
nutrient-loaded seedlings perform better under stress conditions. In addition, when 
studying field performance, morphology and nutritional status should be analyzed 
separately, as fertilized stock is usually larger. However, increasing seedling size to 
suggested values (Navarro-Cerrillo et al., 2006; Oliet et al., 2009) requires important 
considerations at both the nursery and field stage. The former consideration has to be 
with the role of nursery growing conditions both in the fertilization regime and in seedling 
growth and is treated in part I of this work (Del Campo et al., 2011). 
 
 Most research on reforestation with Aleppo pine has been conducted with 
conventional, moderately-sized seedling stock, which cannot be directly applied to newly 
proposed stock standards. The relationship between field performance and phenological 
stage, frost hardening, root growth potential, nutritional status, and other attributes may 
change as a consequence of changing nursery cultivation regime and seedling 
morphology (Folk et al., 2000; Oliet et al., 2003; Pardos et al., 2003). Field trials with 
large-sized stock are needed in order to determine whether previous findings are 
applicable.  
 
 Potassium is a stock attribute included in the set of nutritional status and hence 
widely recognized in the field of seedling quality literature (Ritchie, 1984; Landis, 1985; 
Bigg and Schalau, 1990; Haase and Rose, 1997; Oliet et al., 2006). However, it usually 
occupies second place behind nitrogen, as the latter is a key attribute affecting seedling 
growth and quality, field performance, etc. Moreover, potassium fertilization in the nursery 
can be misleading, as it usually does not correlate with the amount of K provided in 
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fertilizer due to interactions with the growing media and other nutrients (van den 
Driessche, 1992; Oliet et al., 1999; Landis, 2005). Nevertheless, the need for specific 
studies on the role of potassium in field performance has been emphasized elsewhere 
(Fernández et al., 2003; Oliet et al., 2006; Del Campo et al., 2007b). The main role of 
potassium as a quality attribute derives from its contribution to osmotic adjustment and 
improvement in water- and temperature-stress resistance, which are both key factors 
during seedling establishment (Burdett, 1990). Foliar potassium concentration in 
containerized stock may range from 0.4 to 1.5% on a dry weight basis (Landis et al., 
1989), depending on the species. In Pinus halepensis, values reported in the literature 
vary from 0.52 % to 1.84 % (Fernández et al., 2003; Oliet et al., 2003; Puértolas et al., 
2003; del Campo et al., 2007a,b). In this species, the accumulation of potassium in foliar 
and root tissues has been suggested as a mechanism for drought and frost tolerance 
(Fernández et al., 2003), indicating the advantage of using fertilizers with higher K and P 
relative to N to favour stress-hardening development. In fact, potassium has been 
associated with positive field performance of Aleppo pine in several studies (Puértolas et 
al., 2003; del Campo et al., 2007a,b), although a negative association with survival has 
also been reported (Oliet et al., 1997). This inconsistent response may be related to the 
low influence of K on seedling growth and its interference with other nutrients, especially 
nitrogen, as an increase in N usually leads to low concentrations of K. For example, 
Gallegos et al. (2001), did not find a significant change in morphological attributes of P. 
halepensis when deprived of potassium supply. Thus, there is a need of better addressing 
the single effect of potassium in Aleppo pine field performance. 
 
 In addition to stock quality, several silvicultural techniques have been implemented 
to promote early seedling growth and establishment, including mulches, tree shelters, and 
water-absorbing polymers (Burger et al., 1996; Rowe et al., 2005; Koupai et al, 2008; 
Navarro-Cerrillo et al., 2009). Because hydrogel or water-superabsorbent polymers 
directly improve soil water conservation, they have been widely incorporated into 
reforestation efforts on degraded, stressed sites (Hüttermann et al., 2009), such as those 
found in eastern Spain. However, their role in improving seedling performance is unclear 
(Clemente et al., 2004; Barberá et al., 2005) due to the wide variation in the commercial 
product used (Bulíř, 2005; Soler-Rovira et al., 2006; Hüttermann et al., 2009), doses 
assayed (Al-Darby, 1996; Hütterman et al., 1999; Al-Humaid and Moftah, 2007) and soils 
(Bulíř, 2005; Soler-Rovira et al., 2006). The emerging message from these studies is that 
best results are obtained with specific amendment brands used in mostly sandy soils with 
doses over 0.1% w/w of hydrogel (the one usually recommended by manufacturers). 
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Reforestation programs in Spain, however, generally apply hydrogel or soil amendment 
polymers at lower doses (Barberá et al., 2005) without distinguishing soil texture and use 
a wide range of commercial brands. 
 
 The second part of this study investigates Aleppo pine performance taking into 
consideration plant size, nutrients and hydrogel as the three main elements. Thus, the 
following questions were addressed: i) What is the single effect of seedling size (related to 
growing nursery location) and nutritional status (resulting from different fertilization 
treatments) on plant survival and growth? ii) What is the particular effect of potassium on 
stock performance under severe drought conditions? iii) And, what is the role of hydrogel 
in ameliorating water stress in the species as well as it possible interaction with potassium 
loaded plants? This last objective led us to test different hydrogel trademarks, doses and 
textured soils in an independent experiment.  
 
 
2. MATERIALS AND METHODS 
 
 Details regarding plant material, nursery location, growing regime and treatments 
are presented in part one of this study (Del Campo et al., 2011). Briefly, seven fertilization 
treatments were tested with Aleppo pine (Pinus halepensis Mill.) seedlings in two 
nurseries located in distinct climatic zones. The Universidad Politécnica nursery (UP), 
located in Valencia (39º29’12’’N, 0º20’24’’W, 10 masl) has a Mediterranean maritime 
climate. The Hontanar nursery (HO, 40º7’3’’N, 1º21’33’’W, 1200 masl) has a cooler 
continental climate. Fertilization treatments were applied from June 10 to October 19, 
2006 in each nursery (Table 5.1). In part one of the study, fertilizer efficiency, seedling 
growth and development, and seedling quality were investigated as a function of nursery 
location and fertilization treatment. Table 5.2 presents seedling quality attributes, where it 
can be observed that seedling size is the main difference among stocklots from both 
nurseries; for this reason, the terms nursery location and size are used in this work under 
a same meaning.  
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Table 5.1. Seven fertilization treatments supplied to Pinus halepensis stock grown in two nurseries with 
distinct climate (coastal: UP, and inland: HO) between June 10-Oct 19 2006.  
 
 
 
 
Fertilizer treatment  
 
 
Fertilizer Dosage  
(per litre of water or substrate), g l-1 
 
K 
 
 
N 
 
 
P 
 
Total nutrient 
supply,  
mg plant-1  
P (Plantacote 14-8-15) 
 
4 100 112 28 
O (Osmocote 16-8-12) 
 
4 80 128 28 
F-K (Regular fertilization* + potassium (K2SO4) 
enrichment ) 
1 (starter and grower), 0.6 (finisher),   
and 0.241 (K2SO4) 
 
439 
 
243 
 
136 
 
P-K  (Plantacote + potassium (K2SO4) enrichment) 
 
4 (P) and 0.241 (K2SO4) 252 112 28 
P-KNP (Plantacote + potassium, nitrogen and 
phosphorus (KH2PO4 and KNO3) enrichment) 
 
4 (P), 0.172 (KH2PO4) and  
0.131(KNO3) 252 139 88 
O-K (Osmocote + potassium (K2SO4) enrichment) 
 
2.5 (O) and 0.241 (K2SO4) 202 80 18 
O-KNP (Osmocote + potassium, nitrogen and 
phosphorus (KH2PO4 and KNO3) enrichment) 
 
2.5 (O), 0.172 (KH2PO4) and 
0.131(KNO3) 202 107 78 
* Water-soluble fertilizers: Starter, 10 May-10 Jul.; Grower: 11 Jun.-18 Sep.; Finisher: 19 Sep.-19 Oct. 
Modified from del Campo et al. (2011). 
 
 
 Two experimental trials were conducted to examine performance of treated 
seedlings. Fertilizer treatments were split into two groups according to the trial they were 
assigned. The first trial was conducted in a greenhouse and consisted of a 3 x 6 factorial 
design with three levels of simulated drought conditions using hydrogel and six size-
fertilizer treatments (two sizes with three fertilizers). The second trial was conducted in a 
field plantation with poor conditions where previous studies had yielded very low 
performance (Del Campo et al., 2007a,b). 
 
2.1. Seedling performance in hydrogel-mediated drought conditions 
 
 During the first half of 2007, drought conditions were simulated in a greenhouse 
which comprises part of a forest nursery (La Hunde, 39º05’N; 1º12’ W; 940 masl). The 
greenhouse was chosen to prevent from rainfall events and no artificial lighting or heating 
was provided. Thus, the outside meteorological conditions were only slightly modified by 
the influence of the greenhouse’s polycarbonate roof. Weekly maximum and minimum 
average temperatures inside the greenhouse during the experiment were 20.7±8.9 and 
10.3 ±5.6ºC. Drought conditions consisted in allowing Aleppo pine seedlings, planted in 
70-l pots containing loamy soil from the nursery, to dry out in the greenhouse 
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environment. To establish different soil moisture levels, a soil amendment with hydrogel 
(Terracottem ©) was mixed into the soil at two doses (0.027 and 0.27% w/w, representing 
hydrogel doses of 0.01 and 0.1% w/w, respectively) plus a control with no hydrogel 
addition. The hydrogel was applied by adding the corresponding weight from each 
concentration into a soil pile of known volume, mixing them up and then filling up the pots. 
All the pots were filled up at the same level and with the same procedure in order to keep 
a similar apparent density. The six stocklots that took part in this trial were those fertilized 
using Pantacote©, i.e., P, P-K and P-KNP treatments (Table 5.1), in both the HO and UP 
nurseries. The experiment was arranged as a 3 x 6 factorial design with three replicates. 
27 pots were divided into three blocks or replicates (9 per block). In each block the 3 soil 
moisture treatments were applied to 3 pots. Each individual pot contained 18 seedlings in 
total, or three seedlings from each size-fertilizing treatment. Overall, 27 seedlings were 
subjected to each of the 18 soil moisture x size-fertilizer treatment combinations, for a 
total of 486 seedlings. Survival of all seedlings was assessed monthly from February 10th 
to July 10th, 2007. Soil moisture content was also monitored monthly (on day 10th) with a 
TDR (Field Scout Soil Moisture Meter, 300, 20 cm rods) by taking the average of three 
readings per pot. Due to very dry conditions registered inside the greenhouse, a 
saturating watering was applied in May 7th to slow down the desiccation process and allow 
for greater differentiation among treatments. 
 
 Studies concerning the use and efficiency of hydrogels reveal that results are 
strongly conditioned by the product type and brand, dosage, and soil (see references in 
the introduction section). To avoid some of this uncertainty, a parallel laboratory-based 
experiment was conducted to test the hydro-physical properties of three commercial 
hydrogels (Aguaspon©, H1 (Altena International, Madrid); Stockosorb©, H2; and 
Terracottem©, H3) at two doses in two different textured soils. Doses were 0.01 (D1) and 
0.1% (D2) on a per weight basis (in the case of Terracottem, dosage was calculated 
considering its hydrogel content as in the greenhouse experiment). Soils were the same 
loam used in the greenhouse pots experiment for testing size-fertilization treatments and a 
loamy sand, which was considered the reference soil because it is recommended for use 
with the hydrogel polymers. Properties for the loam (testing soil) and loamy sand 
(reference soil) were, respectively: colour: 2.5Y/6/2 and 10YR/5/3; sand: 44.7 and 77.9%; 
silt: 30 and 14.8%; clay: 25.3 and 7.3%; organic matter: 3.0 and 4.1%; pH: 8.33 and 8.47; 
EC: 0.310 and 0.159 dS/m; CEC: 9.87 - 8.13 meq/100g. 
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Table 5.2. Mean values of morphological and physiological quality attributes of Pinus halepensis grown under seven fertilization treatments in two nurseries (HO: inland; UP: 
coastal).  
 
Height 
(cm) 
 
Diam. 
(mm) 
Twigs 
Number 
Shoot dry 
weight 
(g) 
Root dry 
weight 
(g) 
Shoot/ 
root 
Foliar 
area 
(dm2) 
Root 
length 
(m) 
Average 
root 
diameter 
(10-2 mm) 
White 
roots 
length 
(m) 
Water 
potential 
(MPa) N % P % K % Ca % Mg % Fe mg g-1 
RGP 
dry weight 
new roots 
(mg) 
Nursery HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP HO UP 
P 8.8 20.3 2.7 3.7 5.6 14.6 1.08 2.60 1.03 1.47 1.06 1.82 0.61 1.24 27.2 27.0 33 33 4.7 1.5 -0.15 -0.18 1.66 1.71 0.39 0.20 0.95 0.78 0.50 0.72 0.29 0.28 67 81 86 48 
O 9.4 22.1 2.7 4.2 5.8 15.2 1.16 3.10 0.91 1.60 1.28 1.98 0.84 0.97 16.1 16.1 35 35 0.8 0.8 -0.16 -0.17 2.02 1.89 0.26 0.17 .78 0.69 0.56 0.71 0.34 0.27 64 78 140 48 
F-K 8.8 18.2 2.5 3.2 5.7 12.4 1.16 1.88 0.80 .88 1.49 2.20 0.79 0.74 9.8 9.8 40 40 1.8 1.8 -0.11 -0.13 1.88 2.00 0.39 0.29 1.50 1.03 0.48 0.85 0.30 0.29 73 93 128 44 
P-K 9.5 20.9 2.7 3.9 5.4 14.2 1.19 2.95 1.04 1.56 1.15 1.89 0.77 0.98 21.6 18.6 33 35 5.4 3.9 -0.09 -0.20 1.69 1.66 0.38 0.19 1.17 0.74 0.45 0.76 0.28 0.29 72 87 164 48 
P-KNP 9.6 21.6 2.8 4.0 6.0 15.2 1.21 2.98 1.03 1.52 1.17 2.03 0.87 1.18 24.0 17.3 34 37 1.2 2.4 -0.12 -0.23 1.74 1.67 0.51 0.30 1.25 0.83 0.49 0.85 0.30 0.31 71 95 121 58 
O-K 8.6 18.8 2.5 3.7 5.6 13.2 1.02 2.62 0.92 1.33 1.14 2.02 0.58 1.31 19.0 17.8 33 35 4.3 2.0 -0.10 -0.18 1.72 1.71 0.28 0.17 1.06 0.74 0.53 0.74 0.31 0.25 82 89 131 45 
O-KNP 8.4 21.9 2.5 3.7 6.4 14.6 0.94 2.89 0.74 1.46 1.26 2.04 0.70 1.58 19.1 25.9 31 29 5.0 1.8 -0.08 -0.16 1.76 1.79 0.58 0.24 1.22 0.85 0.50 0.87 0.35 0.31 74 101 107 54 
Average 9.0 20.5 2.6 3.8 5.8 14.2 1.11 2.72 0.92 1.40 1.22 2.00 0.74 1.14 19.5 18.9 34 35 3.3 2.0 -0.12 -0.18 1.78 1.78 0.40 0.22 1.13 0.81 0.50 0.79 0.31 0.29 72 89 125 49 
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 Hydro-physical characterization of both soils with every combination of hydrogel x 
dosage (Control, H1D1, H1D2, H2D1, H2D2, H3D1 and H3D2) was performed with 
porous plates following the method by Richards (1948). Air-dried samples were sieved to 
2 mm and the respective doses of the three hydrogels were added. Samples were left in 
deionised water the day before to allow full saturation (0 kPa). Water retention was 
measured in three replicates at 0, 10, 30, 100 and 300 kPa suction tensions, which 
represent the upper to middle range of soil available water (10-1500 kPa). Gravimetric 
water content was determined by oven drying at 105ºC. 
 
2.2. Seedling performance in real drought conditions 
 
 The field trial was conducted in Enguera (38º56’N; 0º46’ W; 605 masl), a poor 
quality site where previous studies consistently showed the worst performance results 
among a wide range of sites (Del Campo et al., 2007a,b). Soil at this site is a shallow (< 
30 cm), rocky, clay-loam xerorthent soil with a 50% clay fraction, pH > 8 and 
approximately 7% organic matter. Climate is maritime Mediterranean (P: 495 mm, 55 mm 
in summer and T: 12.8ºC). The site was prepared by removing pre-existing natural 
vegetation and opening 30 x 30 x 30 cm holes with a mini-excavator. Planting was done 
manually in mid-January 2007; seedlings were planted on a 3 x 3 m grid. The eight 
stocklots that took part in this trial were those fertilized using Osmocote© and water-
soluble fertilization, (i.e., O, F-K, O-K and O-KNP treatments; Table 1), in both the HO and 
UP nurseries, resulting in a total of eight size-fertilizer treatments. The experiment was 
arranged as a randomized block design with three blocks each containing 18 seedlings 
per treatment (54 seedlings per treatment and 432 seedlings in total). The number of 
surviving plants, seedling height, and stem diameter 0.5 cm above the soil were recorded 
at the time of planting as well as in July (pre-summer) and October (post-summer) 2007. 
Relative height and diameter growth rates (RGR) were calculated for every two 
consecutive measurements according to Hoffmann and Poorter (2002).  
 
2.3. Data and Statistical analyses 
 
Data were managed and analysed with Microsoft Excel© and SPSS© 16.0 (2003). 
ANOVA was used to test for differences in water content among hydrogel treatments for a 
given suction tension (laboratory experiment) and for a given date (hydrogel greenhouse 
experiment), as well as for differences in height and diameter growth among size-fertilizer 
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treatments (field plantation trial). Post-hoc comparisons of means were made using 
Tukey’s test at the 0.05 significance level. ANCOVA was used to test for differences in 
seedling survival in the greenhouse experiment, taking date as the covariate. Post-hoc 
tests on covariate-adjusted factors were done with pairwise comparisons of estimated 
marginal means with Bonferroni-adjusted p-levels. In all analyses, data were examined for 
normality and homogeneity of variance (Levene’s test). When these conditions were not 
met, power and logarithmic functions were used to transform variables in order to achieve 
homoscedasticity. In the ANCOVA, regression slopes were tested for homogeneity among 
treatments by observing the interaction term between the covariate and treatment. 
Treatment differences in pre- and post-summer survival in the field plantation were 
analyzed with a Chi-square test and contingency analysis. The null hypothesis was that 
survival was not different among the size-fertilization treatments. When Chi-square 
showed significance, its magnitude was evaluated through the contingency coefficient 
(Ferran, 2001). Percent survival was subjected to arcsine-square-root transformation to 
improve normality and compensate for variance heterogeneity. A significance level of 
P≤0.05 was used in all analyses.  
 
Relationships between stock quality attributes and seedling survival were 
investigated with Pearson correlations (Steel and Torrie, 1988). To investigate the 
influence of nutrition on survival, independently of size, a correlation analysis was done for 
each nursery stock. A third analysis included all treatments (14 stocklots) and was 
performed to incorporate the effect of size. Mean stocklot survival in both experiments 
was normalized in order to be integrated in the same analyses. Survival from May in the 
greenhouse and from pre-summer sampling in the field plantation was called first survival, 
while July survival in the greenhouse and from post-summer sampling in the field 
plantation was called final survival. 
 
 
3. RESULTS 
 
3.1. Seedling performance in hydrogel-mediated drought conditions 
 
The greenhouse experiment revealed that hydrogel amended soil (H3D1 and 
H3D2 treatments) had higher soil water content than the control (Figure 5.1). However, 
significant differences among treatments only occurred in the early part of the experiment 
(February: F=146.6, P≤0.001, MSE=51.2, df: 2, 105; March: F=8.88, P≤0.001, MSE=32.4, 
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df: 2, 51; and April: F=5.63, P≤0.01, MSE=11.78, df: 2, 24) but then disappeared after the 
saturating  watering in May (May: F=0.40, n.s., MSE=31.72, df: 2, 51; June: F=0.114, n.s., 
MSE=30.61, df: 2, 51). The effect of hydrogel dosage was only significant in February 
after the first soil saturation and April when seedlings were near the wilting point, although 
with different signs (Figure 5.1).  
 
Seedling survival was significantly affected by both size-fertilization treatment 
(F=24.9, P≤0.01, MSE=0.063, df:5, 1759) and hydrogel (F=6.06, P≤0.05, df:2, 1759) 
(Figures 5.1, 5.2). Regarding the hydrogel factor, survival was 100% in the first months; 
then became affected after soil water content dropped to values around 10%, reached a 
plateau after the irrigation of May and then decreased again until the end of the assay, 
reaching a mean final value of 48% (Figure 5.1). Survival was significantly higher in the 
control than the H3D2 amended pots, revealing a negative relationship between survival 
and the presence of hydrogel (Figure 5.1). Differences among size-fertilization treatments 
were mainly associated with nursery origin (Figure 5.2), as survival was higher in the UP 
stocklots (56-63%) than in the HO (28-39%). However, in the case of HO, there were also 
intra-nursery differences, with P-KNP showing better survival than P and P-K. 
 
 
Figure 5.1. Soil water content (bars) and mean seedling survival (lines) in the hydrogel treatments (control, C; 
Terracottem at 0.01% w/w, H3D1; and at 0.1% w/w, H3D2). To compare soil water content among treatments, 
ANOVAs were performed separately at each sampling date (*P≤0.05; ** P≤0.01; ***P≤0.001). Survival was 
analyzed with a single ANCOVA test for all dates. Different letters indicate significant differences among 
treatments.  
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Figure 5.2. Seedling survival in the greenhouse experiment according to nursery (―HO: continental; ---UP: 
coastal) and fertilization treatment from April to July 2007. Statistical differences were detected by an 
ANCOVA test (P≤0.01, performed for all dates). Different letters indicate significant differences among size-
fertilization treatments.   
 
 
Hydro-physical characterization of loam (testing soil) and loamy sand (reference 
soil) showed partial agreement with results obtained in the greenhouse experiment, 
revealing significant differences in soil water content according to hydrogel type and 
dosage (Figure 5.3). The reference soil showed the widest range of soil moisture values 
among the hydrogel x dosage combinations towards the higher part of field capacity, 
i.e.,10 kPa, although dispersion was high and only the most extreme treatments differed 
significantly (H1D1: 30% ±3.1 and H3D2: 38%±0.2). In the remaining significant suction 
tensions (0, 100 and 300 kPa), H3D2 and H2D2 showed the highest values of soil 
moisture but differences were of a magnitude lower (< 3%, Figure 5.3). In the testing soil, 
all suction tensions except for 10 kPa were significantly different among treatments (F = 
6.8, 0.86, 4.6, 3.6, 6.3 for 0, 10, 30, 100, 300 kPa, respectively; significance indicated in 
Figure 3). However, soil water content was relatively similar among all treatments in most 
of the suction tensions tested (Figure 5.3). The main differences were recorded in the 
lowest tension value (i.e. full saturation), being the high dosage of H3 (H3D2) the one that 
presented the highest water content (48.1% ±1.0) and differed significantly from H2D1 
(44.3% ±09), H1D1 (42.6% ±0.8) and C (43.5% ± 0.6). In the highest suction tension (300 
kPa), H3D2 values dropped to 13.6% ±0.4 and were significantly different from the control 
and low dosage treatments, which remained between 12.4-12.5% (Figure 5.3).  
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Figure 5.3. Water retention curves of three hydrogel trademarks (H1, H2 and H3) at two doses (D1: 0.01%; 
D2: 0.1%, w/w) plus a control (C) for a loamy soil (tested in the greenhouse experiment) and a loamy sand soil 
(considered as reference). *, ** indicate statistical significance at P≤0.05 and P≤0.01 for a particular suction 
tension value, respectively. 
 
 
 
 
 
 
Figure 5.4. Seedling survival of Aleppo pine at the Enguera’s site plantation trial according to nursery origin 
(―HO: continental; ---UP: coastal) and fertilization treatment. Distinct lower-case and upper-case letters 
indicate significant differences (P≤0.05) between size-fertilization treatments for pre-summer and post-
summer sampling dates, respectively. 
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3.2. Field site trial 
  
 Seedling growth and survival in the field plantation was highly variable according to 
fertilization treatment and nursery origin (treatments assayed here were O, F-K, O-K and 
O-KNP). Precipitation at this site for the planting year (2007) was above the historical 
average during the spring months, but was only 74 mm or 55% of the mean between May 
and September. Final survival was significant according to the nursery-fertilization 
treatment (χ2=34.31 P≤0.01) and followed a similar pattern to that observed in the 
greenhouse simulated drought experiment: larger seedlings from the UP nursery survived 
in greater proportions than those from the HO nursery. Post-summer survival was 
between 45-61% for UP treatments and 23-28% for HO (Figure 5.4). Pre-summer survival 
(χ2=43.76  P≤0.01) was also higher in the UP treatments and declined less throughout the 
summer than that in HO treatments. However, post-hoc tests attenuated this general 
division originating a ranking from UP_O-K to HO_O-K in pre-summer survival and from 
UP_O-KNP to HO_F-K and HO_O-K in the post-summer rate (Figure 5.4). 
 
 Height and diameter growth were significantly different in three out of the four 
variables assessed (diameter growth in summer was the only exception), demonstrating a 
trend opposite to that of survival (Figure 5.5). Seedlings grew higher in the HO nursery 
than in the UP nursery, which showed almost no growth in height. Seedlings experienced 
higher height growth rates in the summer than in the spring, whereas the opposite was 
true for diameter growth.  
 
 
 
Figure 5.5. Relative growth rates in height (cm cm-1 week-1) and diameter (mm mm-1 week-1) of Aleppo pine at 
the Enguera’s site plantation trial according to nursery origin (HO: continental; UP: coastal) and fertilization 
treatment. Within the same variable and sampling date, different letters indicate significant differences at 
P≤0.05. 
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 Pearson correlations among seedling quality attributes and survival performance 
were significant only when all 14 treatments were considered. Within the same size class 
(growing nursery), no relationship between seedling quality and survival was detected. 
Combining all treatments, every seedling quality attribute considered (Table 5.2) showed 
some degree of significant correlation with survival except root architecture attributes 
(excluding root dry biomass) and nitrogen (Table 5.3). All seedling size-related attributes 
were positively correlated with final survival, whereas water potential, root growth 
potential, and potassium concentration were negatively correlated with final survival. Only 
calcium and iron concentrations showed positive correlations with survival and 
phosphorus presented a weak negative correlation (Table 5.3). 
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Table 5.3. Pearson correlations between P. halepensis survival and seedling quality attributes (n = 14), based on an experiment performed in a greenhouse (6 stocklots) and 
plantation (8 stocklots). First survival was measured in June in the greenhouse and July in the plantation.  
 
  
 
 
Height, 
cm 
 
 
 
Diamet
er, mm 
 
 
Sturdine
ss index, 
cm mm-1 
 
 
Twigs 
Number 
 
Shoot 
dry 
weight, 
g 
 
Root 
dry 
weight, 
g 
 
Total 
dry 
weight, 
g 
 
 
Shoot: 
root 
 
 
Foliar 
area, 
dm2 
 
Water 
potentia
l, 
MPa 
 
 
 
P,  
% 
 
 
 
K, 
 % 
 
 
 
Ca, 
 % 
 
 
 
Fe,  
mg kg-1 
RGP dry 
weight 
new 
roots,  
g 
First 
Survival  
0.899*** 0.904*** 0.857*** 0.897*** 0.906*** 0.799*** 0.890*** 0.862*** 0.787*** -0.703** -0.601 -0.617* 0.811*** 0.686** -0.811*** 
Final 
Survival 
0.962*** 0.901*** 0.968*** 0.960*** 0.918*** 0.793*** 0.897*** 0.904*** 0.760** -0.672** -0.641* -0.683** 0.924*** 0.758** -0.902*** 
 
Final survival was measured in July in the greenhouse and October in the plantation. All data were normalized. Only significant correlations are shown.* P≤0.05; ** P≤0.01; 
***P≤0.001;   
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
129 
 
 
4. DISCUSSION 
 
 Aleppo pine performance is highly affected by morphological seedling attributes, 
which are primarily a function of nursery location and climatic regime. This has been 
proved in two independent experiments (greenhouse and field plantation) under severe 
drought conditions, in which soil amendment with hydrogel negatively influenced seedling 
survival. 
 
 In the greenhouse experiment, hydrogel-mediated drought conditions resulted in a 
trend opposite to that expected in seedling performance, as they suffered higher mortality 
in the amended pots. This seems contradictory because hydrogel presence meant higher 
soil water content in the amended pots (although the difference was slight). 
Superabsorbent polymers are widely applied in environmental, agricultural and horticultural 
work as a reliable means to improve plant growth, survival and other attributes 
(Hüttermann et al., 2009). Yet several researchers have reported little, negative or no 
effect of hydrogel on plant performance (Clemente et al., 2004; Bulíř, 2005; Rowe et al., 
2005; Vieira et al., 2005; Nguyen et al., 2009). Several arguments may explain the results 
of this experiment. First, amendment like that one tested here (Terracottem), which 
includes fertilizers and other products besides hydrogel, may influence soil salinity and 
therefore reduce water absorption capacity despite higher water volume. Increasing 
electrical conductivity (EC) of soil solution with increasing doses of hydrogel from 0.1 to 
0.4% has been reported by Sita et al. (2005), although Vieira et al. (2005) did not detect 
any change in pH or EC for polymer doses between 0.25-0.75%. This argument is 
supported by the last two measurements in May and June (fertilizer release is a function of 
temperature and time), when hydrogel treatments experienced higher mortality than the 
control despite similar water content. Second, water-absorbent polymers induce higher 
porosity, lower bulk density and higher nutrient availability (Nguyen et al., 2009) which 
improve seedling root growth (Hütterman et al., 1999; Koupai et al., 2008) and would have 
promoted higher evapotranspiration, thus depleting earlier the soil moisture in the limited-
volume containers in the greenhouse trial, as observed in a similar survey (Hütterman et 
al., 1999). This would have anticipated seedling mortality in the hydrogel treatments, 
although it is difficult to separate soil and plant behaviour as they hold deep interactions. 
Third, the Terracottem doses assayed here were chosen according to those that are 
commonly used in reforestation programs (Barberá et al., 2005) and recommended by 
manufacturers, although they were low relative to amounts suggested in the literature 
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(Bulíř, 2005; Vieira et al., 2005; Soler-Rovira et al., 2006). Hüttermann et al. (1999) 
reported increasing survival in Aleppo pine when hydrogel concentration was increased 
from 0.04 to 0.4%, with no difference between a control and the lowest dosage. The 
inefficiency of manufacturer recommended dosage in some hydrophilic polymers has been 
demonstrated elsewhere (Naeini, 2004; Nguyen et al., 2009).  
 
 The laboratory experiment examining the effect of hydrogel type and dosage on soil 
water content proved to be very useful in interpreting the results. The first important finding 
was the different hydro-physical performance of the testing and reference soils 
independently of the treatments, holding the loam soil most of the available water volume 
in the 0-300 kPa range, whereas the sandiest soil did it in the 0-30 kPa (Figure 5.3). For 
this reason, hydrogels are mainly suitable for sandy soils, where they improve water-
holding capacity, decrease deep percolation and reduce evaporation (Al-Darby, 1996; 
Hüttermann et al., 1999; Al-Humaid and Moftah, 2007). In this study, however, none of the 
hydrogel x dosage combinations produced a substantial change in water content in either 
soil, although differences among treatments were more apparent in the loamy sand. 
Furthermore, differences in soil moisture among treatments were greater at lower suction 
tensions in both soils. Similarly, other studies working with different textured soils, 
hydrogels and doses, have reported significant differences in water retention relative to 
control exclusively in the 0-10 kPa range (Naeini, 2004; Soler-Rovira et al., 2006). This 
means that little effect of hydrogel would be expectable in the soil drying phase beyond the 
readily available water (differences among treatments were below 3% of soil water). 
Hüttermann et al., (1999), found that differences between a control and 0.2% Stockosorb 
disappeared at 100 kPa, although in other works hydrogel showed an effect until the 
wilting point (1500 kPa) (Al-Darby, 1996; Koupai et al., 2008). Thus, testing several 
hydrogel types, doses and soils enabled us to verify the following: i) no effect of salinity 
was apparent in the case of Terracottem (H3), as soil water was always higher with this 
type compared to pure hydrogels amendments for a given suction tension (Vieira et al., 
2005); ii) different  hydro-absorbent polymers produce different results, sometimes with no 
effect or even a negative effect on soil water; and iii) increasing dosage improves hydrogel 
performance, especially in sandy soils.  
 
 Seedling survival in the field plantation trial was similar to that in the greenhouse 
experiment, and depended on plant size and morphology. Although these experiments 
were unique in conception, duration and treatments, the convergence of results support 
the dependence of survival on plant size. Growth exhibited a pattern opposite to that of 
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survival, with higher growth in HO treatments than in UP treatments. Relative growth rate 
usually declines with increasing seedling size due to the cumulative effect of non-
photosynthetic tissue (van den Driessche, 1991) which has been previously reported for 
Aleppo pine (Royo et al., 2001). Therefore, relative growth rate seems more useful when 
comparing similar sized stock. 
 
 The field plantation at Enguera was chosen because it yielded the worst results 
regarding Aleppo pine establishment in previous studies (Del Campo et al., 2007a,b). 
Post-summer survival reported in that works ranged from 0% to 44% for individual 
stocklots, with a mean of 39% in the 2003 trial (unpublished data), 29% in the 2004 trial 
(Del Campo et al., 2007b) and 31% in the 2005 trial (Del Campo et al., 2007a). These 
values are an important reference because the survival rates presented in this work 
include that range, going from an average of 26% (HO stocklots) to 53% (UP stocklots), 
meaning an important improve of survival  for the UP large seedlings (about two-fold). 
Other important factors affecting field performance in all these trials (besides site, which 
was the same for all) are year climate, stock quality, and plantation execution (Pemán and 
Navarro-Cerrillo, 1998). Precipitation was lower in 2005 and 2007, especially from May to 
September; stocktype in past trails was very close in quality attributes to HO stocklots in 
this work (actually, in past trials HO nursery stock was also a participant treatment); and 
planting execution was carefully controlled in all cases (the same worker planted different 
stocklots). Thus, based on this and other studies, seedling size would be the most 
important factor in plantation establishment in this species and climate. This assertion is 
made up on the basis that other seedling quality attributes are expressed in a normal, non-
deficient range. Seedling morphology has long been recognized as a first order attribute in 
evaluating and predicting field performance (Thompson, 1985; Johnson and Cline, 1991; 
Puttonen, 1997; South, 2000; Hytönen & Jylhä, 2008) and other authors have reached that 
conclusion for Aleppo pine, although they have emphasized the importance of mineral 
nutrients (Oliet et al., 1997, 2009; Puértolas et al., 2003). In our case, the only significant 
relationship with macronutrient concentration (negative correlation with potassium) was 
associated with an accumulation in the less developed seedlings from HO, which also 
negatively affected the calcium concentration of seedlings (Whitcomb, 1988). In addition, 
intra-nursery variation in macronutrient concentration was large enough to yield significant 
correlations with survival if a relation between them existed, but that was not the case. 
Thus, the role of macronutrients in Pinus halepensis establishment would have a minor 
effect when large differences in seedling morphology are present and nutrient 
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concentration are within the ranges normally referred to in the literature (Landis et al., 
1989), like in our case.  
 
 Root growth potential was negatively correlated with survival, which was contrary to 
previous results from this site (Del Campo et al., 2007a). Two reasons could be argued to 
explain this fact. Firstly, the RGP performance date, which in our previous work was 
correlated to survival only when it preceded field plantation, whereas in the present work 
planting was delayed almost two months from RGP finalization. Secondly, relationships for 
both variables were very high in the previous work (Pearson coefficient 0.904 P<0.01) due 
to poor performance of some stocklots with very low RGP value; however, over a value of 
0.05 g of new roots, dispersion was higher (in this work, RGP of UP treatments was about 
0.045 g). Then, this attribute would have filter ability for poor quality seedlings but, over a 
threshold value, it would indicate good or acceptable performance (Vallas et al., 1999; 
Oliet et al., 2003). In any case, it is evident in the present work the overwhelming effect of 
morphological attributes over physiological and performance attributes. 
 
 However, relationship between morphology and survival is not linear as shown by 
Oliet et al., (2009), who found that shoot-root ratio above 3.3 (found in the most developed 
plants) could unbalance seedlings (in our case UP shoot:root average value was 1.96). 
These authors have pointed out the need for a shift in current nursery cultural practices in 
order to achieve larger stock standards, as most of the nurseries producing Aleppo pine in 
Spain are currently providing small to medium sized stock (Royo et al., 1997; del Campo et 
al., 2007a,b). However, results of this work show that seedling morphology is a main 
function of culturing thermal conditions and hence, producing large one-year old Aleppo 
pine seedlings would be very complicated for those nurseries located in cooler regions. 
Those nurseries should bring sowing forward when possible or go to a two-year stocktype, 
which is not likely to be popular among foresters. Shifts could be awkward because of the 
mindset in forest sector, the limited ability of forests nurseries to increase their production 
costs (Aleppo pine production is designed for forest restoration which is a public non-
competitive activity) and the current inland location of many nurseries. In coastal and 
warmer regions, large stock can be produced without substantial changes, although 
container volume should be increased to 300 cm3 in order to control shoot:root ratios. 
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5. CONCLUSIONS 
 
 Results from both the greenhouse and field plantation experiments demonstrate the 
importance of stock size on Aleppo pine performance in harsh conditions. Inland nurseries 
should design growing regimes for this species to increase the growing period, while 
recognizing the limited utility of fertilization (Del Campo et al., 2011). In contrast to other 
studies, nutritional concentrations, and particularly potassium, did not affect survival at the 
intra-nursery level (same size). However, they were related to survival when both nurseries 
were considered and hence a size-related effect was present. Relative growth rates were 
not a good indicator of performance when comparing different sized stock, as was contrary 
to survival results.  
 
 Hydrogel had a negative effect on seedling survival in the greenhouse experiment. 
This is probably due to higher root growth and seedling transpiration in the pot confined 
environment, as hydrogel amended soils exhibited significant increases in soil water 
content. However, soil water increased only in the lowest suction tensions, i.e. in the 
readily soil water content (lower than 30 kPa) which is of little efficiency in a loamy soil but 
also in a sandy soil under severe drought conditions. Doses above 0.1 % w/w seem more 
recommendable, although their economic feasibility should be studied in large 
reforestations programs, as their benefits are probably limited. In addition, different 
commercial products performed in different ways, so special attention should be paid when 
selecting these products for reforestation. Thus, additional research is needed in order to 
improve this reforestation method and to address some of the questions aroused from our 
preliminary results.  
 
 This study contributes to a better understanding of the relationship between Aleppo 
pine stock quality and field performance, as the role of nutrients and morphology has been 
addressed separately. At the same time, it helps in the consideration of hydrogel amending 
when designing restoration efforts with this species in harsh sites. 
 
 
 
 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
134 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
135 
 
 
 
 
 
 
 
 
 
 
 
CAPITULO VI 
 
Relación entre el potencial de crecimiento radical (PCR) y el 
resultado en campo en brinzales de pino carrasco. 
 
 
 
CHAPTER VI 
 
Relationship between root growth potential and field performance 
in aleppo pine. 
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RELATIONSHIP BETWEEN ROOT GROWTH POTENTIAL AND FIELD 
PERFORMANCE IN ALEPPO PINE 
 
 
Abstract 
  
Commercial stocks of Aleppo pine in Spain present important differences, which make 
seedling quality programs a need for successful planting establishment. An RGP test was applied to 
six commercial seedling lots at two dates (November, February) and under two test conditions 
(growth-chamber, greenhouse). The RGP’s prediction ability was evaluated in two contrasting 
ecological sites. There was a considerable variation in the RGP depending on application date, test 
conditions and stock factors. RGP’s in November tests were correlated with each other but they did 
not explain outplanting performance. February results in the growth-chamber presented good 
correlations for survival in both sites. Regression models explained survival both in the lower (R2 = 
97%) and in the higher (R2 = 92%) quality sites. Low temperatures and the factors that might have 
affected a seedling in the interim from October (or RGP time) to planting were identified as being 
responsible for the differences between tests, leading to the establishment of RGP performance 
characteristics for operational stock quality programs. 
 
Key words: outplanting, seedling quality, site quality, prediction model. 
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Resumen 
 
Los lotes comerciales de plantas de pino carrasco en España presentan importantes 
diferencias que hacen de los programas de calidad de planta una necesidad para el éxito del 
establecimiento de las repoblaciones. Se realizó la medición del potencial de crecimiento radical 
(PCR) a seis lotes comerciales de brinzales en dos fechas (noviembre y febrero) y bajo dos 
condiciones de prueba (cámara de crecimiento e invernadero). La capacidad de predicción del 
PCR se evaluó en dos estaciones ecológicamente diferentes. Hubo una variación considerable en 
el PCR dependiendo de la fecha de aplicación, las condiciones de ensayo y los factores de cultivo. 
El PCR en las pruebas de noviembre se correlacionan entre ellas, pero no explican el resultado de 
plantación en campo. Los resultados de febrero en la cámara de crecimiento presentan una buena 
correlación para la supervivencia en ambas estaciones. Los modelos de regresión explica la 
supervivencia en ambas calidades de estación, tanto en la de inferior calidad (R2=97%) como en la 
de mayor calidad (R2=92%). Las bajas temperaturas y los factores que podrían haber afectado a 
los brinzales en el periodo desde octubre hasta la plantación (o periodo de PCR) fueron 
identificados como los responsables de las diferencias entre las pruebas, lo que llevó a establecer 
las condiciones del PCR para su operatividad en los programas de calidad de planta. 
 
Palabras clave: repoblación, calidad de planta, calidad de estación, modelo de predicción. 
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1. INTRODUCTION 
 
Aleppo pine is the species most used in eastern Spain (Valencia region) for 
reforestation programs. Its important values are associated with landscape quality, soil 
protection and hydrological cycle stabilization. During the last 30 years, important wildfires 
have considerably affected its natural stands (Pausas et al., 2004), which have prompted 
an increase in public reforestation efforts in those areas where natural regeneration has 
not been achieved. However, the harshness of the Mediterranean climate frequently leads 
to important mortality rates in these programs, with mean percentages of around 35% 
(Alloza et al., 2003). This has usually been attributed, in addition to other factors, to poor 
stock quality (Puertolas et al., 2003; Royo et al., 2001). This stock is produced in nurseries 
using different growing regimes, resulting in stock heterogeneity (Royo et al., 1997). 
 
Root Growth Potential (RGP) is considered to be one of the most reliable tests in 
assessing planting stock quality and vigour (Ritchie y Tanaka, 1990) and has previously 
been thoroughly reviewed (Burdett, 1987; Ritchie y Dunlap, 1980; Simpson y Ritchie, 
1997). According to Burdett (1987), the relationship between field performance and RGP is 
so amply confirmed that the lack of response in some studies could be attributed to 
uncontrolled experiment factors (site, planting date or stock range variation). Recently, the 
empirical evidence of the test has been supported by process-based models for a wide 
range of environmental conditions (Levy y McKay, 2003). However, the results of the test 
are subject to restrictions so that there is a call for some caution when considering the 
RGP as a seedling performance test (Landis y Skakel, 1988; Ritchie y Dunlap, 1980). One 
of the main drawbacks often used as an argument against its prediction ability is the 
sensitivity of the root to growing in cold soils during the planting season (Simpson y 
Ritchie, 1997). Therefore, these and other authors (Burdett, 1987) agree that the validity of 
the RGP as a measurement of seedling vigour is largely a function of site conditions, with 
its prediction ability increasing as the site becomes harsher. In this sense, the RGP or 
seedling quality in general could be considered as being indicative of the relative 
performance potential (Puttonen, 1989; Burdett, 1987). 
 
In Mediterranean Spain, the exceptionally rough site conditions for seedling 
establishment increase the need for excellent quality stock. This need has led to previous 
studies concerning the seedling quality and field performance of Aleppo pine (Pardos et 
al., 2003; Puertolas et al., 2003; Royo et al., 2001). However, after reviewing the RGP 
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results in these works, its ability to predict field performance is not clear. In some studies, a 
significant correlation between RGP and survival was achieved (Pardos et al., 2003; Vallas 
et al., 1999), but in others it was not (Oliet et al., 2003; Royo et al., 1997). In the former, 
the RGP value presented a wide range of variations between different studies due to the 
lack of uniformity in the environmental conditions for the RGP assay. Some studies 
employed hydroponic culture, either in a greenhouse or in a growth chamber. Others used 
a greenhouse test with different degrees of environment modification with respect to 
daylight duration and temperature control. In addition, these tests were carried out for 
different time intervals, from 13 to 40 days, four weeks being the time considered in most 
of them. The test duration or the variable environment conditions are recurrent drawbacks 
found in the literature (Levy y McKay, 2003; Ritchie y Tanaka, 1990).  
 
These imprecise results have not yet permitted the implementation of effective 
operational stock-quality testing programs. In some cases, in order to fulfill administration 
regulations or formalities, nursery managers carry out stock quality assessments that do 
not guarantee any prediction ability. These are usually made at the beginning of the 
planting season, in October, and are supposed to be valid throughout its five-month 
duration. Therefore, it would be necessary to establish the potential prediction ability of the 
RGP test for this species and to address the performance conditions which will produce 
significant results. Thus, the objective of the present study is to evaluate the factors that 
influence the RGP expression in Pinus halepensis and its application as a stock quality 
test. Specifically, the experiment sought to clarify (i) the RGP variation as a consequence 
of the date, test performance conditions and seedling lot; (ii) the influence of seedling 
quality attributes on the expression of the RGP; and (iii) the field performance prediction 
ability of the different RGP tests assayed in two locations of a contrasting quality. 
 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material and seedling quality 
 
A total of six seedling lots of Aleppo pine (Pinus halepensis Mill.) grown in 
commercial nurseries during the 2004 season were used. Each nursery had a particular 
growing regime for this species, although in all cases the stock was 1+0 (sown between 
March and May), cultivated in the open air, in a peat or peat-coconut fibre mix, in 200 cm3 
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per seedling containers, and had its own fertilization regime. All lots belonged to the 
Eastern inland provenance (zone 10, 39º03'N, 01º05'W, 640-900 m altitude). On October 
20 (2004) and January 15 (2005), representative samples from each lot were taken and 
placed together in the experiment nursery where the study was performed (Quart de 
Poblet, Valencia, 39º38’N, 0º22’W, 11 m a.s.l.). On both dates, morphological and 
physiological attributes were determined for each seedling lot following standard methods 
(Ritchie, 1984) (Table 6.1 and Table 6.2). Root morphology was studied using WinRhizo© 
v.3.1 software (Regents Instruments Inc.) and considering: total root length (cm), root 
average diameter (cm) and number of root tips. By means of a colour analysis from this 
software, the plug’s pre-existing white roots, i.e. white roots already present on the plug 
before the RGP was performed, were also measured (Table 6.1). Finely-ground dried 
needles samples were used for nutrient analysis. Nitrogen was determined by the micro 
Kjeldahl method with a Kjeltec Auto 1030 Analyser (Tecator, Sweden) after digesting the 
samples in concentrated H2SO4 with a selenium catalyst; P was assayed colorimetrically 
using the phosphomolybdovanadate method (420 nm) in a colorimeter (Technicon 
Autoanalyzer AAII); K was determined using a Varian SpectraAA-10 Atomic Absorption 
Spectrometer (AOAC, 2000). Starch and soluble sugars were determined in shoots by 
means of a controlled acid hydrolysis procedure (Rose et al., 1991). 
 
2.2. Root growth potential  
 
The RGP test was performed under two test conditions, a conventional greenhouse 
and a growth chamber (IBERCEX, Valencia, Spain) and at two different times: November 
2004 and February 2005. These conditions were chosen because a) they represent test 
conditions currently being used by foresters and are operationally feasible and b) the 
planting season in Mediterranean Spain runs from mid October to March. The greenhouse 
tests started on October 28 and January 21, each lasting 31 days. No artificial lighting was 
provided, and the outside meteorological conditions were only slightly and indirectly 
modified by the influence of the greenhouse’s polycarbonate roof (Table 6.3). The growth 
chamber tests started on November 8 and February 4 and lasted 10 days. The 
environmental conditions established were close to those considered to be optimal by 
Burdett (1979) (Table 6.3). During the tests, temperature (ºC) and relative humidity (%) 
were monitored daily for both conditions using Micro-Hobo® Weather Stations (Micro-HWS 
H21-002. Onset Computer Corporation, Bourne, MA, USA). Light intensity was measured 
daily at midday (UTC+1) using a digital Lux Meter (FT-710, FAITHFUL. Taipei, TW). 
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Table 6.1. Details of cultural treatments, RGP tests and the dates of outplanting and quality assessments 
completed 
 
Year 2004 2005 
Action Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. 
Nursery sown seeds 
− − 
          
Seedlings quality test        20th   15th  
RGP Greenhouse test        
− − 
 
− − 
RGP Growth chamber test         
− 
  
− 
Field planting            
− 
 
 
In each test (four in all), 15 seedlings per lot were potted with their plug in 50 x 35 x 
40 cm (70 l) containers in a perlite #2 growing medium. Each seedling lot was represented 
by a row of 5 seedlings in each replicate. Two containers were required for each replicate. 
The experiment layout was a randomized complete block design with three blocks. 
Seedlings were gently watered during the experiments and no nutrient provision was 
given. At the conclusion of the tests, the seedlings were carefully removed and their root 
growth determined by considering the white roots that grew outside the plug into the perlite 
medium. The number of new roots longer than 10 mm and the dry weight (65ºC, 24 h) of 
total new roots were recorded (Ritchie y Dunlap, 1980). 
 
2.3. Outplanting performance 
 
In February 2005 the seedling lots were field planted at two locations with 
contrasting site characteristics. The better quality site (La Hunde, 39º05’N; 1º12’ W; 940 m 
a.s.l.) was on a sandy clay-loam xerochrept soil deeper than 60 cm. The climate is 
Mediterranean continental with an average annual rainfall and temperature of 495 mm and 
13.7ºC, respectively. The lower quality site (Enguera, 38º56’N; 0º46’ W; 605 m a.s.l) was 
on a clay-loam xerorthent soil, shallow (< 30 cm) and rocky. Climate is Mediterranean 
maritime (P: 495 mm and T: 12.8ºC). Both sites have alkaline pH (> 7.9) and low organic 
matter content (< 2%). In each site, an experiment plot of about 5000 m2 was delimited 
and the six seedling lots were planted following a randomized block design, with 3 blocks 
and 30 seedlings per lot and block (n = 90 seedlings per lot and site). Site preparation 
(removal of pre-existing natural vegetation and 30x30x30 cm hole openings) and planting 
were done manually by the same planting team. Height and diameter (at 0.5 cm above 
soil) were measured and recorded at the time of planting as well as in July and November 
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of that year. Survival was also monitored at the same dates. The relative height and 
diameter growth rates (RGR) were also calculated (Pearcy et al., 1989). 
 
2.4. Statistical analyses 
 
For each RGP date, a factorial analysis of variance (test conditions x seedling lot x 
block) was performed to detect differences in RGP values. Then, two-way ANOVA’s (lot x 
block) were performed for each of four RGP tests in order to detect differences in the RGP 
scoring between the lots. Comparisons of means were made using Tukey´s test (Quinn y 
Keough, 2002) at the 0.05 significance level. Variables were examined to ascertain that 
they were normally distributed and that the variances were homogeneous (Levene test). In 
general, power transformations were used to meet ANOVA requirements. 
 
Relationships between stock quality attributes, RGP and outplanting performance 
(survival and growth) were investigated through a simple linear correlation using the 
Pearson correlation coefficient (Steel y Torrie, 1988). Multiple linear regression analyses 
(Quinn y Keough, 2002) were performed to find a statistical modelling of the relationships 
between the RGP, or seedling quality (independent), and field performance (dependent). 
The stepwise method was selected for fitting the model (criterion to select a variable: F 
probability for entering <0.05; F probability for going out >0.10). In the model, the residuals 
were examined for normality. Prior to analysis, mean survival data were transformed by 
taking the arcsin of the square root of the survival proportion. Data were analyzed with 
SPSS 12.0 (2003). In all cases, values used were means ± SE. 
 
 
3. RESULTS  
 
3.1. Root growth potential 
 
Root growth potential values indicated a great variability according to the factors 
examined: date, seedling lot and test conditions (Figure 6.1). Both RGP variables, i.e. new 
root dry weight and number of new roots longer than 1 cm, showed similar patterns and 
hereafter only the former will be referred to. For both dates, test conditions and lot factors 
led to significant differences in the RGP (Figure 6.1, ANOVA’s not shown). Although in 
November both factors showed similar F values, in February the lot factor explained most 
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of the variability (F=44.3** faced to F=8.0** for test conditions). Moreover, in February 
there was a significant interaction effect between test conditions and seedling lot (F=8.0**). 
Despite these differences, both November tests were significantly correlated (.996**), 
whereas those in February did not show any relationship to each other or to the November 
tests.  
 
The mean RGP under the greenhouse conditions was higher than in the growth 
chamber for both dates (Figure 6.1). This pattern was kept up individually by all the lots in 
November but not in February (Table IV), when some of them presented lower RGP 
values in the greenhouse than in the growth chamber whereas others did not (see 
performance of FA lot). Thus, considering each of the four RGP tests performed 
individually (Table IV) the relative scoring, or Tukey’s means group, for most of the lots 
was not constant between the four tests and one same lot performed in different ways 
according to the test conditions and date, especially in February in the growth chamber. 
 
Figure 6.1. Root growth potential (RGP) for both test conditions (Greenhouse and Growth chamber) in 
November and February. For both dates F statistic was significant at the p<0.01 level. Mean values and 
standard error. 
 
 
Correlations between seedling quality attributes and RGP values (N = 5 or 6 lots for 
October-November or January-February analyses, respectively) were significant a) in 
November tests, for the QI index and the pre-existing plug white roots (length and tips 
number), and b) in February tests, for the ratio Root length: Root tips (growth chamber 
test), and the root average diameter and the QI index (greenhouse test). 
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Table 6.2. Mean values of morphological seedling attributes for the six lots tested in October and January. 
ª Nutrient concentrations were evaluated in needles and starch and soluble sugars in the whole shoot. N = 25 
seedlings in a composite sample. 
 
 
 
 
 
Table 6.3. Environmental conditions recorded in the four RGP test performed. T, temperature; RH, relative 
humidity. For the temperature, numbers between brackets represent the data range (absolute maximum and 
minimum values). Mean values and standard error. 
RGP conditions (duration) T min  (ºC) 
T max  
(ºC) 
RH min 
(%) 
RH max 
(%) 
Radiation 
(klux) 
Nov-Greenhouse (10.28-11.29) 12.4 (15.6-7.9) 22.2 (23.6-20.5) 39.4 87.7 15.9 
Nov-Growth Chamber (11.8-11.18) 23.5 (24.2-23.0) 26.2 (27.8-25.5) 60.7 84.1 33.1 
Feb-Greenhouse (1.21-2.22) 7.9 (15.7-2.2) 19.8 (24.3-16.3) 31.9 80.9 17.6 
Feb-Growth Chamber (2.4-2.14) 22.0 (23.5-20.5) 24.8 (26.0-23.5) 58.0 83.9 33.2 
 
 
 
 
 
Nursery 
(seedling 
stocklot) 
 
 
Height,  
H(cm) 
 
 
 
Diameter, 
D (mm) 
 
 
 
Shoot 
Dry 
Weight,  
S (g) 
 
 
Root 
Dry 
Weight,  
R (g)  
 
 
Root  
Average 
Diameter 
(mm) 
 
Root  
Lenght 
(cm) / 
Root 
Tips 
 
 
White  
Roots  
Lenght 
(cm) 
 
White 
Roots 
Average 
Diam.  
(cm) 
 
White 
Roots 
Tips 
(#) 
 
 
N 
(mg 
g-1) 
P 
(mg 
g-1) 
K 
(mg 
g-1-) 
Star
ch 
(mg 
g-1) 
Solu
ble 
Sug
ars 
(mg 
g-1) 
n 150 150 25 25 5 5 5 5 5 25ª 25ª 25ª 25ª 25ª 
October              
GE 19.01 2.61 1.60 0.95 0.75 1.22 246 0.519 212 15.3 2.6 8.9 128 42 
FA 12.73 2.32 1.41 1.10 0.82 1.08 286 0.469 324 24.1 3.3 9.2 117 30 
CL 9.65 1.81 0.83 0.61 0.66 1.08 108 0.447 153 22.3 1.8 6.2 111 44 
HU 12.73 2.15 0.88 0.79 0.73 0.98 111 0.472 175 13.6 2.7 7.1 126 45 
HT 10.78 2.15 0.93 0.62 0.63 0.95 77 0.542 139 15.4 4.5 9.6 138 51 
CA 8.89 2.18 1.05 0.74 0.72 0.89 146 0.476 310 17.6 3.0 9.6 116 73 
January               
GE 20.74 2.96 2.17 1.32 0.57 0.82 228 0.469 481 15.9 2.9 7.8 121 69 
FA 13.06 2.86 1.70 1.28 0.71 0.79 268 0.476 520 17.8 3.1 8.6 113 81 
CL 9.67 2.11 0.99 0.70 0.51 0.66 86 0.462 168 15.4 2.2 6.5 118 73 
HU 12.77 2.24 1.35 1.07 0.64 0.85 117 0.520 236 14.4 2.6 8.0 109 92 
HT 10.31 2.19 1.02 0.77 0.53 0.78 95 0.493 204 12.4 4.5 9.8 112 67 
CA 8.73 2.11 1.02 0.78 0.60 0.70 105 0.542 246 16.7 2.8 8.2 123 76 
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Table 6.4. F-values and significance of analysis of variance and RGP values for each test according to the 
stocklot factor (CA, CL, FA, GE, HT and HU). Mean values and standard error In the same column, stocklots 
followed by different letters indicate significant differences (Tukey test) at p-value <0.05%.  
RGP type  Nov-Greenhouse 
(1)Dry Weight, g 
Nov-Growth Chamber 
(1)Dry Weight, g 
Feb-Greenhouse 
(1,2)Dry Weight, g 
Feb-Growth Chamber 
(1)Dry Weight, g 
F-value 15.73** 16.00** 52.88** 14.62** 
CL 0.062 (.008) a 0.038 (.004) a,b 0.000 (.000) a 0.004 (.002) a 
FA 0.183 (.022) c 0.104 (.013) d 0.089 (.010) d 0.031 (.012) a,b 
GE 0.121 (.013) b,c 0.074 (.007) c,d 0.061 (.009) b,c 0.071 (.014) c 
HT 0.090 (.013) a,b 0.053 (.005) b,c 0.042 (.004) b  0.056 (.009) c 
HU 0.052 (.007) a 0.028 (.004) a 0.076 (.011) b,c 0.070 (.012) c 
CA     0.073 (.011) b,c 0.043 (.005) b,c 
1 Power transformation to achieve variance homogeneity; 2 variance homogeneity not achieved. 
** Significant at 0.001-0.01 level 
 
 
3.2. Field performance and relationship to RGP and seedling quality  
 
As expected, the outplanting performance of seedling lots in both locations showed 
important differences according to the site quality (Figure 6.2). Pre-summer (June 05) and 
post-summer (November 05) average mortality in the better site (La Hunde) was of 14 and 
24%, respectively, whereas in Enguera those values rose to 25 and 69% for each 
date,respectively. However, despite these differences, the ranking of the lots maintained a 
similar performance pattern in both sites. Thus, one of the lots (CL) exhibited the highest 
mortality rate either in Enguera (93%) or La Hunde (73%), whereas HT had the lowest one 
in both sites (56% and 2% in Enguera and La Hunde, respectively). Regarding height 
growth (not shown), in Enguera, the pre-summer weekly rate was threefold greater than 
the post-summer one (from 0.011 to 0.003 week-1), whereas in La Hunde the seedlings 
kept up a constant value of about 0.005 week-1. On the other hand, the diameter relative 
growth rate (not shown) showed similar pre-summer values for both sites (about 0.014 
week-1) and slightly lower summer values in the Enguera plot. The different lots showed a 
similar trend for growth as for mortality. 
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Figure 6.2. Mean pre-summer (Jun) and post-summer (Nov) survival in Enguera and La Hunde sites of six 
outplanted Aleppo pine stocklots. Mean values and standard error. 
 
 
Significant correlations between seedling quality and field performance were 
present for attributes determined either in October or January (not shown), although only 
the seedling height was correlated in both months (negative correlation with height growth 
in Enguera). As planting was carried out in February, correlations with October-determined 
attributes should also be present in January for them to be of any use.. In the January 
results, the average diameter of pre-existing white roots showed positive correlations with 
growth performance in both sites, and the ratio Root length: Root tips was correlated with 
final survival in Enguera. Regarding the RGP, neither the November or February test 
performed in the greenhouse showed any significant correlations with field performance. 
On the contrary, the RGP test from February in the growth chamber presented significant 
correlations in both plots with seedling survival in June (.88* both plots) and November 
(.90* Enguera, .83* La Hunde). Significant prediction models for field performance 
(dependent) and RGP or quality attributes (independent) are presented in Table 6.5. In all 
the cases, the determination coefficient R2 obtained was over 77% and the standard error 
was admissible. In these models, only the RGP from the February growth chamber, the K 
concentration and the sturdiness index (H/D) were included. 
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4. DISCUSSION 
 
Root growth potential tests have shown important discrepancies in Aleppo pine 
according to date, seedling lot and test conditions. Some of the environment factors fixed 
or monitored throughout the RGP tests, did not seem to limit growth (water availability, 
maximum temperatures or relative humidity). However, considering that a low soil 
temperature is usually more involved than the photoperiod in the root growth of conifer 
seedlings (Bigrass y Dumais, 2005; Cortina et al., 2006), this would be, if any, the vital 
environment condition related to the RGP differences found. The appropriate range of soil 
temperatures for root development is considered to be between 18 and 25º C (Ritchie y 
Dunlap, 1980). However, the RGP performed in February in the greenhouse recorded an 
average minimum air temperature of only 7.9º C with an absolute minimum value of -2.2º 
C, whereas in November the respective values were 12.4 and 7.9º C. This effect of 
temperature on RGP differences is known (Ritchie y Dunlap, 1980) and is supported by 
the susceptibility of Aleppo pine to low temperatures and its subsequent frost injury 
sensitivity (Cortina et al., 2006; Pardos et al., 2003; Puertolas et al., 2005). In the growth 
chamber tests, their shorter duration would be the main external factor explaining 
differences with the greenhouse tests. 
 
Seedling physiological status (dormancy and cold hardiness) is another important 
source of variation in RGP tests, which present variations modulated by shoot dormancy 
and carbon sinks strength (Ritchie y Dunlap, 1980; Ritchie y Tanaka, 1990; Tinus et al., 
2003). Ritchie and Dunlap (1980) described a root growth pattern for different species 
based on an increasing value from autumn to the end of winter and then a sharp decline 
before the buds break. In Aleppo pine, Pardos et al. (2003), reported differences in growth 
chamber RGP tests according to the lifting date, with a peak in December (between 7 and 
12 new roots longer than one cm) and very low values (near zero) in November and 
January for seedlings maintained in mild and cold temperature regimes. Conversely, our 
growth chamber RGP mean values in that variable for November and February showed an 
average of 50 and 40 new roots, respectively. Provenance, test performance conditions or 
the manner of quantifying the new root growth could be the cause of these discrepancies. 
Previous studies (Puertolas et al., 2003; Tinus et al., 2003) indicate that Aleppo pine has 
low levels of shoot dormancy throughout the hardening season and is capable of 
sustaining relatively important photosynthetic rates and, hence, a capacity to grow. This 
quiescence or lack of true dormancy may be the cause of the inconsistency in the RGP 
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values and their seasonal changes, rather indicating a direct effect of temperature either 
on the RGP or on other physiological attributes related to it, like non structural 
carbohydrates (Tinus et al., 2003). Thus, exposure to chilling hours and the subsequent 
bud dormancy seem to have little influence on RGP response in Aleppo pine (Cortina et 
al., 2006). From these considerations, it can be concluded that low temperatures and test 
duration, i.e. external environment, explained the RGP variability rather than seedling 
internal factors (shoot dormancy) in our study. 
 
Differences in the RGP due to the testing of stock grown in different nurseries and, 
therefore, under different cultural regimes are to be expected (Simpson y Ritchie, 1997). In 
the present study, the particular performance of some lots with a high N concentration in 
the February growth chamber test has played an important role in the overall results. 
Outside temperatures in late January 2005 were abnormally low in the region, reaching 
below -5º C. Although Aleppo pine seedlings can be completely resistant to such low 
temperatures, excessive nitrogen concentrations in plant tissues can prolong the 
vegetative stage and thus increase the possibility of cold injury (Fernández et al., 2003; 
Landis et al., 1989). Seedling lots with a higher nutrient concentration kept outside just 
before the growth chamber test took place could have been at this stage in those days, 
thus being affected by cold injury to some extent either in shoots or roots. Actually, the 
needle nutrient decrease (especially N) found between October and January (Table 6.2) 
may be a retranslocation to the root system sink (McAlister y Timmer, 1998), the organ 
with the highest nutrient demand at that moment, but also less cold-tolerant than shoots 
(Bigrass y Dumais, 2005; McKay, 1997). Puertolas et al. (2005) reported a slight delay in 
the hardening process of Pinus halepensis associated with a nitrogen supply treatment (15 
mg g-1 N in needles). These facts could explain the significant relationship found between 
field plot results and this RGP test (February and Growth Chamber) and underline the 
need to perform the test as close as possible to the planting date (Ritchie y Dunlap, 1980). 
This would ensure that field-planted seedlings and those sampled for the RGP belong to 
the same biological population, thus increasing the RGP prediction ability compared to 
other seedling attributes, which may not change enough in a short period of time. The 
value of the RGP as an indicator of plant vigour is probably its main strength (Simpson y 
Ritchie, 1997). In the present study, their morphological and physiological attributes were 
of no use for detecting the loss of vigour experienced in some of the lots used, which could 
explain the scarcity of correlations obtained between them and the RGP values, as 
observed in other works (Oliet et al., 2003; Royo et al., 1997). However, some of the 
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correlations obtained for root attributes (e.g. root average diameter, root length to tip ratio 
and pre-existing white root length) indicate their usefulness as a quick indicative of RGP 
expression and deserve additional and more detailed research. 
 
Field performance (survival and growth) in both locations were in the expected 
range under these environmental conditions (Alloza, 2003). Although all the lots tested 
belonged to the same stock type and provenance, the different growing regimes employed 
in each nursery led to an important seedling quality heterogeneity which, ultimately, was 
transferred to the field. This common fact in reforestation has previously been reported 
either for Aleppo pine (Royo et al., 1997) or other species and originates from a lack of 
defined growing regime protocols and site-specific quality standards (Fløistad y Kohmann, 
2004). However, these standards are not easy to establish since the relationships between 
field performance and stock quality attributes may change during the planting season 
(Pardos et al., 2003). For instance, in Aleppo pine, the N concentration either in shoots 
(Oliet et al., 1997) or roots (Royo et al., 2001) has been positively related to survival and 
growth (Puertolas et al., 2003). In this study, these relationships were absent despite the 
wide range of N concentrations among the six lots tested and the differences in their field 
performance. Some of these works also reported positive relationships between 
morphological attributes and performance, which in our case have been negative. On the 
contrary, the RGP is an extended stock vigour measurement which has shown previous 
relationships with field performance in Aleppo pine (Pardos et al., 2003; Vallas et al., 1999) 
in accordance with our results, where RGP was related to survival more than any other 
seedling attributes in both sites, especially in the harsher one, supporting Simpson and 
Ritchie’s (1997) affirmation. In other studies, the absence of relationships could be due to 
very good or bad site conditions or to uncontrolled experiment factors (Burdett, 1987).  
 
So, it can be argued that RGP has a valid prediction ability for this species although 
it is sensitive to the test conditions. In this sense, a shorter and more intensive test 
performed right before planting would seem to be more reliable. The one-month long test 
performed under relatively favourable environmental conditions might allow a poor 
seedling lot to overcome or recover from possible damage, thus exhibiting a good 
experimental root growth, which would not take place under the real harsher field 
conditions. 
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5. CONCLUSIONS 
 
The root growth potential test can be effectively implemented to assess stock 
quality in Aleppo pine and, hence, to predict field potential performance. On the contrary, 
other stock quality attributes have shown little or no relationship with performance. The 
RGP test should be conducted in growth chambers due to root growth susceptibility to low 
temperatures and to be able to complete the test in a short period of time (10 days). The 
proportion of the variation in survival explained by the test is large enough (>70 %) for 
decision purposes (Puttonen, 1989). Following recommendations from this author, the 
decision could be made for the most probable or the most severe site conditions. In this 
work, the RGP test has been studied for different quality sites, which could represent 
ecological extremes found in Mediterranean areas. However, some caution is necessary 
since the specifications of a seedling lot according to its RGP scoring should not be based 
on only a one year analysis, because of its variation from year to year (Puttonen, 1989)  so 
that additional research is needed. In addition, the need to perform the RGP close to the 
planting date means carrying out at least two or three assays during the October-March 
planting season, depending on the factors that affect the stock in the interim until the 
planting. These characteristics would probably not fulfill the criteria of an ideal test (Zaerr, 
1985) since they are not accessible to all potential users (economic cost, nursery 
implementation, etc.). Other tests such as that of chlorophyll fluorescence could be 
performed in addition to an RGP to improve quality assessment (Puertolas et al., 2005; 
Sampson et al., 1997), especially when freezing injuries could have had some influence on 
seedling vigour. 
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CAPITULO VII 
 
Importancia de la topografía, la calidad del sitio, la calidad de 
planta y la fecha de plantación en una repoblación en Valencia: 
Viabilidad del uso de LiDAR de baja densidad 
 
 
 
CHAPTER VII 
 
On the importance of topography, site quality, stock quality and 
planting date in a semiarid plantation: Feasibility of using low-
density LiDAR 
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ON THE IMPORTANCE OF TOPOGRAPHY, SITE QUALITY, STOCK QUALITY 
AND PLANTING DATE IN A SEMIARID PLANTATION: FEASIBILITY OF USING 
LOW-DENSITY LIDAR 
 
 
Abstract 
 
Pine seedling survival and growth in eastern Spain have often been related to site preparation, 
planting date and seedling stock. However, in spite of the acknowledged importance of spatial 
heterogeneity in seedling performance, little is understood about how topography-related spatial 
patterns may modify seedling response to plantation, particularly on dry sites. We tested the 
hypotheses that growth and survival of Pinus halepensis seedlings are related to stock quality, 
plantation date and topographic conditions, as well as the spatial pattern of environmental variables 
using a spatially explicit design. The plantation treatment consisted of three seedling stocks, two 
plantation dates and two contrasted quality sites. Topographic features, such as slope, aspect, 
Compound Topographic Index and flow accumulation, were measured using GPS and low density 
LiDAR, with growth and survival monitored over a period of one and two years, respectively. The 
spatial pattern of the study variables was examined via Spatial Analysis by Distance Indices 
(SADIE). The relative importance of each topographic variable explaining the spatial pattern (local 
aggregation indices, ν) of seedling response was examined using ordinary least squares (OLS) 
regressions. P. halepensis seedlings showed higher survival and growth in better sites and early 
plantations, but they were very similar between seedling stocks. A significantly greater proportion of 
seedlings survived in early date of plantation (54%) compared to medium date (36%), and in the 
favorable site (51%) versus the restrictive site (38%). Seedlings also grew significantly faster for 
those treatments during the first year. However, stock quality had few effects on survivorship and 
growth. All the topographic and seedling response variables exhibited an aggregated spatial 
pattern. Seedling survival was clearly associated with topographic patterns, particularly to those 
related to water availability (CTI and flow accumulation), indicating that on topographic-spatial 
scales, seedling response is driven by soil-water dynamics in Mediterranean ecosystems. The 
topographic morphology described by LiDAR was also closely linked to seedling response, thus 
suggesting the potential of these data to evaluate reforestation success. Accurate maps of 
topographic factors may indicate whether a plantation has a higher survival and growth potential 
and with routine reforestation planning activities such as soil preparation.  
 
Keywords: afforestation, planting date; seedling stock; spatial response, SADIE, LiDAR 
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Resumen 
 
La supervivencia y el crecimiento de brinzales de pino en repoblaciones en el este de España se 
han relacionado a menudo con la preparación del suelo, la fecha de plantación y la calidad de 
planta. Sin embargo, a pesar de la importancia de la heterogeneidad espacial en la respuesta de 
las plantas, hay pocos estudios sobre cómo los patrones espaciales relacionados con la topografía 
pueden modificar la respuesta en una plantación, en particular en climas secos. En este trabajo se 
ha comprobado la hipótesis de que el crecimiento y la supervivencia de los brinzales de Pinus 
halepensis están relacionados con la calidad de planta, la fecha de plantación y las condiciones 
topográficas, así como el patrón espacial de las variables ambientales utilizando un diseño espacial 
determinado. El diseño experimental consideró tres calidades de planta, dos fechas de plantación y 
dos sitios de calidad contrastada. Las características topográficas (pendiente, exposición, índice 
topográfico compuesto y acumulación de flujo), se midieron usando un GPS y un LiDAR de baja 
densidad (0,5 puntos m2). Las variables respuesta fueron el crecimiento y la supervivencia durante 
uno y dos años, respectivamente. El patrón espacial de las variables del estudio se examinó a 
través del Análisis Espacial por Índices de Distancia (SADIE). La importancia relativa de cada 
variable topográfica que explica el patrón espacial (índices de agregación local, ʋ) de la respuesta 
de las plantas se examinó utilizando las regresiones de mínimos cuadrados ordinarios (MCO). Los 
brinzales de Pinus halepensis mostraron diferencias significativas en la supervivencia en la fecha 
temprana de plantación en noviembre (54%) en comparación con la fecha de enero (36%), y en el 
sitio favorable (51%) frente al sitio restrictivo (38%); sin embargo los valores fueron muy similares 
al considerar las diferentes calidades de planta. Las plantas también crecieron significativamente 
más para esos tratamientos durante el primer año. Sin embargo, la calidad de planta tuvo poco 
efecto sobre la supervivencia y el crecimiento. Todas las variables de respuesta topográfica y de 
calidad de planta mostraron un patrón espacial agregado. La supervivencia de las plantas se 
asoció claramente con los patrones topográficos, particularmente con aquellos relacionados con la 
disponibilidad de agua (CTI y acumulación de flujo), indicando que a escalas topográfico-
espaciales, la respuesta de las plantas está determinada por la dinámica suelo-agua en los 
ecosistemas mediterráneos. La topografía descrita a partir de los datos LiDAR también estuvo 
estrechamente relacionada con la respuesta de las plantas, lo que sugiere el potencial de estos 
datos para evaluar el éxito de reforestación. Unos mapas más precisos de los factores topográficos 
pueden indicar si una plantación tiene un mayor potencial de supervivencia y crecimiento, así como 
planificar adecuadamente las habituales actuaciones de una reforestación, como es la preparación 
del suelo.  
 
Palabras clave: reforestación, fecha de plantación, calidad de planta, respuesta espacial, SADIE, 
LiDAR. 
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1. INTRODUCTION 
 
Forest plantations in Mediterranean areas are strongly limited by the inherent 
characteristics of this climate (with hot, dry summers and cold, rainy winters) (Archibold, 
1995), but particularly by the low small-scale soil water availability, which is highly 
sensitive to the microenvironmental conditions (Snyder and Tartowski, 2006; Quero et al., 
2011). Soils are also often poorly developed, shallow (20-40 cm), stony, poor in organic 
matter and sometimes with impermeable horizons (Puigdefábregas, 1998). In these areas, 
restoration projects often use soil preparation to improve root depth, increase soil 
infiltration and nutrient availability, reduce water runoff and control competing vegetation 
(Barberá et al., 2005; Palacios et al., 2009; Löf et al., 2012). 
 
Previous studies aiming to improve woody seedling establishment in these areas 
have shown the effectiveness of using high quality seedlings (Puértolas et al., 2003; Del 
Campo et al., 2007 a,b, 2011; Oliet et al., 2009; Grossnickle, 2012), controlling for date of 
planting (Seifert et al., 2006; Palacios et al., 2009), implementing early growth promotion 
treatments (Navarro-Cerrillo et al., 2006; Del Campo et al., 2011; Villar-Salvador et al., 
2012) and mechanical soil preparation techniques (Thiffault and Roy, 2011), or their 
interaction effects (Palacios et al., 2009; Ceacero et al., 2012). In spite of the potential 
benefits of soil preparation, the direct effect on reforestation success is often unknown (Löf 
et al., 2012). Moreover, water flows at microsite scale are often closely linked to nutrient 
dynamics, water availability, and groundwater, so they can highly modify seedling growth 
and survival during dry periods (Cabin et al., 2002; Devine et al., 2007; Bailey et al., 2012). 
Given this high variation among planting-sites, seedling performance due to topographic 
conditions has seldom been disentangled from other effects, such as seedling stock quality 
or planting date. 
 
In natural conditions, seedling performance is typically influenced by the 
regeneration niche, i.e. the result of spatially structured microsite variables (Maestre et al., 
2003); particularly soil properties, which are heterogeneous at small scale in 
Mediterranean areas (Gallardo et al., 2000; Maestre et al., 2003; Quero et al., 2011). 
Likewise, these microsite factors may exhibit complex interactions (Quero et al., 2008) and 
can vary widely in space and time, thus affecting growth and establishment (Maestre and 
Reynolds, 2006). Therefore, the spatial distribution of microsite variables, which usually 
take the form of gradients or patches, is often of a non-random nature and promotes the 
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formation of clumped patterns to which plants respond differently (Maestre and Quero, 
2008).  
 
Although an increasing number of spatially explicit experimental designs is being 
used to examine aggregation patterns for plantation success (Maestre et al., 2003; 
Messaoud and Houle, 2006; Quero et al., 2011; Gonzalez-Rodríguez et al., 2011), these 
designs are more focused on underlying ecological processes than their operational 
implementation in existing reforestation techniques. Therefore, when identifying the 
primary effects of a soil preparation treatment, a direct quantification of the influence of 
topography on seedling response is required. A greater understanding of the topographic 
factors limiting the growth and survival of forest plantations will help managers to design 
practices that optimize restoration success while minimizing costs. 
 
The mismatch between the well-known ecology importance of topography and its 
practical implementation in reforestation techniques is likely due to reforestation 
topography, which is not accurately known because of the limited resolution of existing 
maps (Goodchild et al., 1993; Huang, 2002) (e.g., between 10.000 to 25.000 scale map). 
The accurate identification and mapping of topographic factors is therefore a key issue in 
the physically-based characterization of reforestation processes at seedling/sapling scale 
(Maestre et al., 2003; Ceacero et al., 2012). Reforestation topographic characterization 
has received little attention from researchers using modern geospatial analysis (Navarro-
Cerrillo et al., 2006; González-Rodríguez et al., 2011; Quero et al., 2011). Aerial 
photography has occasionally been used in reforestation studies and new aircraft data with 
the required spatial resolution to evaluate small-scale reforestation development have 
recently become available. However, these methods are less effective in smaller or more 
abrupt areas. Under these conditions, reforestation mapped by visual or computer 
interpretations of aerial photographs is often used, but have low resolution power for 
topographic interpretation. Hence, the generation of topographic data in reforestation 
areas with new-high-resolution techniques is needed. Light Detection and Ranging 
(LiDAR) is an active remote sensing technology that can be used to develop high-
resolution topographic data over large areas. If accurate, LiDAR-derived maps could help 
to accurately identify topographic networks, flow paths, and topologic and morphometric 
features of microcatchments that facilitate reforestation success at operative levels (Lefsky 
et al., 2002; Wulder et al., 2012). These improved capabilities would facilitate topographic, 
local topographic morphologic information for parameterizing reforestation modeling. 
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Standard LiDAR data generally lack the spatial availability to perform microsite detection at 
the local reforestation scale. However, if accurate, low LiDAR data could provide an 
opportunity for the on-going evaluation of topographic factors conditions at a cost-effective 
scale.  
 
The goal of this study is to address the influence of topographic factors on a 
semiarid plantation and its interaction with the reforestation factors considered (stock 
quality, plantation date and site quality). Additionally, we have studied the feasibility of 
using low-density freely LiDAR data to identify those topographic factors. To achieve this 
objective, (1) we studied the spatial patterns of plant growth and survival of Pinus 
halepensis Mill. seedlings in relation to topographic characteristics; (2) simultaneously 
allowed for the effects of planting date (early vs. late), seedling stock quality (three 
qualities) and site quality (two contrasted site qualities); and (3) related the direct 
measurements of topographic conditions to those provided by low-resolution LiDAR in 
order to identify, map, and measure topographic conditions for reforestation practices in 
comparison with field topographic data.  
 
 
2. MATERIALS AND METHODS 
 
2.1. Study area 
 
 The field trial was conducted in two sites: Domeño (hereafter Site 1) (39º43´18´´N, 
0º 56´ 6´´W, 440 m elevation), and Castellano (hereafter Site 2) (39º45´50´´N, 0º52´10´´ 
W, 900 m elevation), North Valencia (Eastern Spain). The climate in both sites is 
transitional from maritime Mediterranean to continental Mediterranean. Mean annual 
temperature and mean annual precipitation on Site 1 are 15.2 ºC and 452 mm (83 mm in 
summer), respectively, with 83% of the rainfall occurring between October and May, while 
the values for Site 2 are 12.7ºC and 560 mm (105 mm in summer), respectively. The 
precipitation, temperature and soil moisture of both sites were recorded from November 
2004 to February 2006 with a data logger (HOBO Pro Series 8 Temperature and relative 
humidity) located in both study areas and averaged on a daily basis. The soil on Site 1 is a 
xerorthent type and 60 cm deep (pH: 7.95, Electric Conductance EC: 2.24 dSm-1,) with 
1.8% of organic matter, and 46% of coarse fragments. The soil on Site 2 is of the clay-
loam xerorthent type, which is characterized by a shallow (<30 cm), rocky A horizon 
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(80.2% coarse fragments), with 36% of clay and 43% of silt fractions, pH: 8.4, EC: 0.18 
dSm-1 and 7.5% organic matter, underlain by a C horizon of calcareous rock. The 
topography of Site 1 is more complex than that of Site 2, with higher mounds and 
remnants of old agricultural terraces. The landscape is a former Pinus halepensis forest 
affected by a fire in 1995, which consists of a mosaic of a few pines remaining on the 
overstory with shrub ground layers (Thymus spp., Rosmarinus officinalis), calcareous 
outcrops, and eroded areas with decapitated soils and rock surfaces.  
 
2.2. Experimental design 
 
In each site, a 100 × 100 m experimental plot was established in a representative 
area. The soil preparation treatment was carried out in October 2004 and consisted in 
establishing contour curves every 3 m by mechanical holing with a retroexcavator. Planting 
was done by hand in a rectangular plot following a regular spatial pattern distribution (3 x 3 
m) in November 2004 (early date), and January 2005 (mid-date) with three types of 
seedling lots (stock quality, Table S1, Supplementary Information) in a three complete 
random block design. Each block consisted of 54 tree replications per factorial 
combination, giving a total of 972 seedlings per site (54 x 3 blocks x 3 stock quality x 2 
plantation date), with a total of 1944 seedlings for the whole experiment. In each block, 
early and medium plantation dates were alternated on the contour lines, whereas the stock 
quality factor was fully randomized within each planting date line.  
 
2.3. Seedling data collection 
 
The three stocklots used in this work were chosen as representative of different 
commercially available stock qualities (Del Campo et al., 2007a). Detailed information on 
the seedling quality attributes for each stock is available in a previous study (Del Campo et 
al., 2007a, where stocklots FA, HT and GE correspond in this work to the notation of stock 
1, 2 and 3, respectively; Table S1, Supplementary Information). At the time of planting in 
November 2004 and January 2005, all transplanted seedlings were tagged and their 
diameter (at ground level) and height (stretched distance from ground level to highest 
living bud) were measured. Seedling height, basal diameter, and survival were then 
measured monthly from March to November 2005, with a final measurement taken in 
December 2006. Seedlings were considered dead if their shoot was brown and shriveled. 
Growth rate was computed as the difference in height (H) and diameter (D) between 
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planting date and 3 strategic assessments in the first year after planting (Apr-05, spring; 
Jun-05, before summer and Nov-05, after summer). 
 
2.4. Topographic data collection 
 
Topographic characteristics were measured in the field during spring 2005 for all 
seedlings (N=1944) at the reforestation sites and included localized topography of all 
planting sites using the Real Time Kinematic (RTK) satellite navigation technique with a 
Timble R6 GPS (Trimble Navigation Limited, Ohio, USA). Horizontal and vertical 
accuracies under abrupt topographic conditions were up to centimeter-level using a base 
station, which was located on the nearest geodesic vertex for both sites.  
 
For the topographic factor description, conventional leveling was used to survey the 
total study area, and a Digital Elevation Model (DEM) was developed for each site using 
Profile Extractor®; an extension of ESRI ArcView 3.3. The topographic features for each 
study site were computed using four variables as predictors of seedling survival and 
growth: 1) slope inclination (SLO); 2) aspect (ASP); 3) Compound Topographic Index (CTI) 
(also called Topographic Wetness Index), which represents a steady-state wetness index 
as a function of the upstream contributing area and the slope; and 4) Flow Accumulation 
Function (FLA), which defines the amount of upstream area draining into each cell. It is 
essentially a measure of the upstream catchment area (Teng et al., 2008) (Table S2 
Supplementary Information). Higher CTI values represent drainage depressions, while 
lower values represent crests and ridges (Teng et al., 2008). These measurements were 
selected due to their importance in reforestation success (Fidelibus and Bainbridge, 1995), 
simplicity of evaluation, and comparability with LiDAR data (Brubaker et al., 2013). The 
information was converted to shapefiles and reprojected into UTM coordinates using 
ArcGIS 9.0. Most of the raster processing was done using Arc Hydro® within ArcGIS 
Spatial Analyst (ESRI Corp.). 
 
2.5. LiDAR data acquisition and analysis 
 
The LiDAR data were acquired from the Spanish National Plan of Aerial 
Orthophotography (PNOA), and collected in October 2009 using an Optech ALS50-II 
sensor, with a minimum laser pulse rate frequency of 45 kHz, a scan angle between 0º 
and ±5°and a scan rate of 70 Hz. The final density ranged from 0.5 points m-2 in most of 
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the area to 2 points m-2 when the flights overlapped and/or the plane speed was slower. 
Vertical accuracy in terms of root mean squared error was less than 40 cm, and the 
planimetric error (x, y) was less than 36 cm.  
 
The LiDAR point data were filtered to select bare-Earth estimates, which were 
provided in ASCII text files as x, y, z values with state plane coordinates. Filtering of 
ground hits was done using morphologic filter algorithm (Zhang and Whitman, 2005). The 
postings were converted to shapefiles and reprojected into UTM coordinates using ArcGIS 
9.0 (ESRI Corp.). The LiDAR bare-Earth point data were used to generate a triangulated 
irregular network (TIN) for each of the two study areas and two DEMs were generated 
from the TINs at 2 × 2-m grid-cell spacing. Contour maps were generated from the 2 × 2 
DEMs for qualitative field evaluations and for deriving topographic network by the contour 
crenulation method. The same topographic network was evaluated including slope 
inclination and aspect. The Compound Topographic Index and flow accumulation were 
determined using Arc Hydro® within ArcGIS Spatial Analyst (ESRI Corp.) (Table S2 
Supplementary Information). 
 
2.6. Statistical analysis 
 
The influence of planting date, seedling quality and site quality on survival from 3 to 
48 months after planting was tested using a Cox proportional hazard (PH) model, which 
takes into account both seedling longevity and status (dead or alive) at the final 
assessment of survival (Cox and Oakes, 1984). This analysis has been employed in 
previous studies of tree seedling survival (e.g., Navarro-Cerrillo et al., 2012), and is a 
suitable approach to evaluate survival patterns between treatments where the cumulative 
hazards over time (hazard functions) are generally proportional. 
 
Seedling growth rate was separately analyzed with linear mixed models to examine 
the effects of planting date, seedling stock, and site quality in each sampling period in the 
first year after planting. Diameter increment and height increment were used as the 
dependent variables, with planting date, seedling stock, and site quality designated as 
fixed factors and block as a random factor. Models containing the three-way interaction 
and all two-way interactions of the fixed factors were assessed for each time period using 
Akaike’s Information Criterion (AIC). The models were selected based on the lowest value 
of AIC, which indicates the optimal fit. Survival, growth rates, diameter and height were 
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examined graphically to ascertain that the residuals were normally distributed and the 
variances were homogeneous. Height was subjected to log transformation to improve 
normality. The Cox PH regression was run in R with the survival package (Therneau and 
Lumley, 2009) and linear mixed models were run using the SPSS software package 
version 12.0 (Chicago, IL, USA; http://www-01.ibm.com/software/es/analytics/spss/). 
 
2.7. Spatial patterns of topographic variables 
 
To characterize the spatial patterns of the seedling growth (24 months after 
plantation) and survival (48 months after plantation), spatial analysis by distance indices 
(SADIE) was used to calculate spatial indices and test for statistical significance (Perry et 
al., 1999). The analyses were carried out with the free SadieShell v1.3 software 
(www.rothamsted.ac.uk/pie/sadie). The spatial pattern for each variable was assessed in 
terms of the aggregation index (Ia) and clustering index (υ). The aggregation index (Ia) 
provides information on the overall spatial pattern of each environmental variable. The 
spatial pattern is aggregated if Ia > 1, random if Ia is close to one, and regular if Ia < 1. The 
clustering index (ν) measures the degree of clustering of the data into patches (areas of 
high values of the target variable) and gaps (areas of low values). Given that ν is a 
continuous variable, data can be contoured by kriging in a two-dimensional map showing 
their spatial distribution. Points within patches have values of ν ≥1.5, whereas those within 
gaps have values of ν ≤ −1.5 (Perry and Dixon, 2002). The maps were produced by linear 
interpolation with Surfer v8 software (Golden Software Inc., Colorado, U.S.A.). For 
environmental variables, a separate SADIE analysis was performed per variable and plot 
site.  
 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición y contraste de los estándares de calidad de planta. 
 
 
164 
 
 
 
Table 7.1. Average height and diameter (± S.E). (cm) of Pinus halepensis seedlings by planting date, site condition, and seedling stock type. 
 
 
 
Date since planting Early date Medium date 
Stock 1 Stock 2 Stock 3 Stock 1 Stock 2 Stock 3 
Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 
 
Diameter (mm) 
 
 
 
June2005 3.85±0.06 3.41± 0.05 3.15± 0.04 2.71± 0.03 3.55±0.05 3.36± 0.04 3.87±0.05 3.41± 0.05 3.21± 0.05 2.79± 0.04 3.49±0.04 3.50± 0.04 
 
Nove200512 5.04±0.15 4.54± 0.17 4.41± 0.14 3.47± 0.11 4.69±0.12 4.37± 0.12 5.14±0.11 3.96± 0.11 4.36± 0.13 3.66± 0.11 4.04±0.12 4.52± 0.15 
 
Height (cm) 
 
 
 
June2005 16.01±0.29 16.12±0.21 14.77±0.24 13.70±0.23 22.73±0.31 20.86±0.32 14.06±0.06 14.67±0.33 12.28±0.19 11.93±0.16 22.90±0.31 22.35±0.28 
 
Nove200512 19.56±0.52 19.34±0.42 19.59±0.69 16.81±0.57 25.60±0.49 22.56±0.52 16.45±0.52 16.12±1.19 15.57±0.46 13.72±0.29 25.47±0.70 23.42±0.45 
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2.8. Relative importance of topographic variables affecting the spatial pattern of 
growth and survival 
 
The effect of spatial distribution on the observed pattern of topographic variables 
was examined using Statistical Analysis for Macroecologists package-SAM (Rangel et al., 
2010). To explore the relative importance of each topographic variable (slope, aspect, 
compound topographic index and flow accumulation) that explains the spatial pattern (local 
aggregation indices, ν) of seedling response, ordinary least squares (OLS) regressions of 
pattern was performed against each of these factors.  
 
Since spatial data are generally spatially autocorrelated, the value of seedling 
response variables occurring in a certain area is very likely to be similar to those in the 
direct vicinity, and spatial measurements cannot be considered independent. The failure of 
data to meet the fundamental statistical assumption of independence will result in an 
overestimation of the degrees of freedom. Consequently, statistical inferences about 
variables predicting seedling response will generate a bias in the type I errors (e.g., 
accepting significant differences when these are actually absent). To correct for spatial 
autocorrelation in regression residuals, the effective number of degrees of freedom were 
calculated according to Dutilleul’s method (Brehm et al., 2007), and adjusted P-values 
(Padj for R2) were considered based on the effective degrees of freedom. The variance 
inflation factor between the independent variables included in our models was below four, 
suggesting the absence of collinearity problems (Chatterjee and Price, 1991). To explore 
multivariate relationships for seedling response in terms of survival and final size, multiple 
linear regressions were computed. All possible linear regression models containing the 
different variables were evaluated, with the clustering indices (ν) of final height, final 
diameter and survival as dependent variables and slope, aspect, compound topographic 
index and flow accumulation as independent variables from both the Total Station and 
LiDAR data. The 15 models generated with our independent variables were ranked 
according to the second-order Akaike information criterion (AICc), and calculated as 
described in Fotheringham et al. (2002). The AICc of each model was then transformed to 
∆AICc, which is the difference between the AICc of each model and the minimum AICc 
found for the set of compared models. ∆AICc values above 7 indicate that a model has a 
poor fit relative to the “best” model (i.e., the model with the lowest AICc), whereas values 
below 2 indicate that models are indistinguishable (Johnson and Omland, 2004). The 
∆AICc values were also used to obtain the Akaike weights of each model (wi) following 
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Burnham and Anderson (2002). This parameter provides evidence that the model is 
actually the best explanatory model. Akaike’s weights were also used to define the relative 
importance of each predictor across the full set of models evaluated by summing the wi 
values of all the models that included the predictor of interest, taking into account the 
number of models in which each predictor appears (Burnham and Anderson, 2002). The 
larger this sum, the more important a given variable is relative to the other variables used 
in the same models. Multi-model analyses were carried out with SAM 4.0 software (Rangel 
et al., 2010). 
 
 
3. RESULTS 
 
3.1. Survival and growth rates 
 
The percentage of seedlings surviving 24 months after plantation varied across 
treatments, ranging between 51% and 38% (site quality), 54% and 36% (planting date), 
and 42% and 47% (stock quality) (Fig. 7.1). According to the Cox PH regression, percent 
survival varied significantly between sites (χ2 = 13.991, P < 0.001, Fig. 7.1A) and planting 
date (χ2 = 6.914, P= 0.009, Fig. 7.1B), which showed a notably similar pattern of 
decreasing survival in every sampling period. Seedling survival at the end of the study was 
higher in early plantation date (54%) compared to middle date (36%). As regards seedling 
quality stock, survival was similar for the three stock types (42-47%, χ2 = 2.418, P = 0.129, 
Fig. 7.1C), and the differences were not significant. 
 
Initially, the diameter increment was significantly related to site quality, planting 
date and seedling stock (spring: F= 227.5, P< 0.0001; F= 8.9, P= 0.003; F= 14.3, P< 
0.0001, respectively) (Table 7.2). After summer, the diameter increment was significantly 
related only to site quality and planting date and the seedling stock effect disappeared. 
The interaction treatment had a significant effect on diameter increment for site × planting 
date and planting date x stock in the spring assessment (F= 79.0, P < 0.0001; F= 5.6, P = 
0.004) and for all two-way interactions of the fixed factors after the summer assessment 
(Table 7.2). In post-hoc comparisons, Site 1 showed greater diameter growth rates in 
spring and after summer assessments (Fig. 7.2). During the monitoring periods, diameter 
increments were significantly greater in the early date treatment than in the medium date 
treatment. Among seedling stock treatments, the lower diameter growth rate was always 
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observed in stock 3 in contrast with stock 2. Stock 1 showed an intermediate behavior. 
After summer, no significant differences were observed in the seedling stock for the first 
monitoring year (Fig. 7.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Cox proportional-hazards regression model comparing survival between 3and 24 months after 
planting, with the following factors: (A) site quality (Site 1deep-non rocky soils and Site 2 shallow-rocky soils), 
(B) date of planting (November2004, early season, and January 2005, mid-season), and (C) stock quality 
(Table S1, Supplementary Information). 
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In the spring assessment, the height increment showed significant differences only 
for seedling stock (F= 4.6, P=0.01). However, after summer, the height growth rate was 
significantly related to site quality, planting date and seedling stock (Table 7.2). The 
interaction treatment had a significant effect on height increment for site × planting date in 
the spring assessment (F= 14.7, P < 0.0001) and for planting date x stock in the 
assessment before summer (Table 7.2). According to post-hoc comparisons, Site 1 
showed greater height growth rates in the assessments before and after summer (Fig. 
7.2). The early date treatment only showed greater height growth rates after summer, 
whereas no significant differences were observed in the measurements taken in spring 
and before summer. Finally, with regard to the seedling stock factor, stock 2 always 
showed the lowest height increment in contrast to stock 3 in spring and stock 1 before and 
after the summer period (Fig. 7.2). 
 
 
Table 7.2 Linear mixed models at each sampling period for increment in diameter and height of Pinus 
halepensis seedlings with the following fixed effects: location, planting date (early and medium), and seedling 
stock. Random effect: Block. The structure of fixed main effects and interactions reflect model selection based 
on Akaine’s Information Criterion.  
Time period (Planting date to) Spring (April) Before summer (June) After summer (Nov) 
Dependent 
variable Fixed effect F P F P F P 
Diameter 
Increment 
Location 227,543 <0.0001 1,948 0,163 4,007 0,046 
Planting date 8,967 0,003 140,735 <0.0001 27,820 <0.0001 
Seedling stock 14,395 <0.0001 12,363 <0.0001 1,656 0,192 
Location x Planting 79,010 <0.0001 0,111 0,739 7,243 0,007 
Location x stock 1,328 0,265 0,681 0,506 4,295 0,014 
Planting x Stock 5,649 0,004 2,603 0,075 4,730 0,009 
Location x planning x 
stock 1,543 0,214 0,163 0,849 1,550 0,213 
 
Time period (Planting date to) Spring (April) Before summer (June) After summer (Nov) 
Dependent 
variable Fixed effect F P F P F P 
Height 
Increment 
Location 0,096 0,757 22,762 <0.0001 35,862 <0.0001 
Planting date 0,307 0,579 0,396 0,529 8,277 0,004 
Seedling stock 4,627 0,010 5,705 0,003 5,935 0,003 
Location x Planting 14,770 <0.0001 0,009 0,925 0,018 0,893 
Location x stock 0,880 0,415 1,141 0,320 0,568 0,567 
Planting x Stock 0,507 0,602 4,736 0,009 1,772 0,171 
Location x planning x 
stock 2,609 0,074 0,998 0,369 0,506 0,603 
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A 
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C 
 
 
 
 
 
 
 
 
 
Figure 7.2. Increments in diameter (mm) and height (cm) measured above individual seedlings according to: 
(A) site quality (rocky and non-rocky soils), (B) planting date (earlyand medium), and (C) seedling stock. 
Different letters represent significantly different post hoc differences between the respective treatments at 
alpha = 0.05 based on alinear mixed model for a given sampling period (spring-April, before summer-June and 
after summer-November). 
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3.2. Spatial pattern of survival and growth 
 
The results of the SADIE analyses are summarized in Table 7.3, and graphic 
information on the characteristics of spatial clusters is shown in Figures 7.3 and 7.4. A 
strong aggregation of seedling response (survival and growth) at the site level and for 
planting date was confirmed by a large and significant value of Ia (Ia > 1.5, P < 0.05).  
 
Survival in Site 1 and early plantation (November) exhibited the highest 
aggregation index (Ia=1.92; Pa = 0.002). The clustering index maps [υ] (Fig. 7.3) showed 
patches and gaps (zones with υ greater and less than 1.5 and -1.5, respectively). The 
aggregation pattern for survival persisted for medium plantation (January) (Ia=1.74; Pa = 
0.001) (Table 7.3). Moreover, spatial aggregation in plant survival was also detected in 
Site 2 for both plantation dates (Ia = 1.89, Pa = 0.026 and Ia = 1.55, Pa = 0.086) (Table 7.3).  
 
The aggregation pattern of height and diameter was stronger on both site qualities 
and for both plantation dates, with a higher and statistically significant value of Ia for height 
(Ia = 3.02, Pa = 0.002 and Ia = 2.46 Pa = 0.089 for early plantation and two sites) than 
diameter (Ia = 1.42, Pa = 0.02 and Ia = 2.04 Pa = 0.057 for early plantation and two sites) 
(Table 3), but close to a random pattern at medium plantation in Site 1 (Ia = 1.00, Pa = 
0.407). The spatial pattern was also characterized at this level; with the clustering index 
maps [υ] (Fig. 3 and 4) showing patches and gaps (zones with υ greater and less than 1.5, 
respectively). 
 
 
 
Table 7.3. Results of SADIE analysis and descriptive statistics of seedling response related variables at the 
two sites. Pa values are derived from a randomization test (5967 permutations). Ia, aggregation index. Mean ± 
SD for each location are also shown. 
 Site 1     Site 2    
Variable Date of planting Ia Pa Mean  Date of planting Ia Pa Mean 
Survival 
(%) Early 1.92 0.002 59.40±6.34 
 Early 1.89 0.026 49.12±6.85 
 Medium 1.74 0.001 43.88±8.93  Medium 1.55 0.086 28.12±3.63 
Height 
(cm) Early 3.02 0.002 21.58±0.56 
 Early 2.46 0.089 19.55±0.50 
 Medium 1.67 0.007 19.16±0.56  Medium 1.72 0.167 17.73±0.64 
Diameter 
(mm) Early 1.42 0.02 4.71±0.13 
 Early 2.04 0.057 4.12±0.13 
 Medium 1.00 0.407 4.51±0.12  Medium 2.52 0.020 4.04±0.12 
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Table 7.4.- Best-fitting regression models of seedling response according to topographic predictor variables 
obtained by Total Station. The best model within each set is presented, ranked according to their second-order 
AIC (AICc) value, ∆AICc, difference between the AICc of each model and that of the best model, and wi, 
Akaike weights. AICc measures the relative goodness of fit of a given model; the lower its value, the more 
likely it is that this model is correct. Unshaded cells indicate variables that were not included in a particular 
model. Slope inclination (SLO), aspect (ASP), Compound Topographic Index (CTI) and flow accumulation 
(FLA) 
 
 
 
Variable CTI FLA ASP SLP R2 AICc ∆AICc Wi 
Site 1 
November 
Height     0.24 2850.89 0 0.70 
     0.24 2852.63 1.74 0.29 
     0.20 2868.88 17.93 <0.001 
Diameter     0.34 1415.91 0 0.97 
     0.32 1423.00 7.09 0.028 
     0.28 1446.08 30.17 <0.001 
Survival     0.23 423.34 0 0.95 
     0.21 429.31 6.0 0.04 
     0.17 447.21 24.0 <0.001 
January 
Height     0.60 5374.42 0 0.38 
     0.60 5375.02 0.59 0.28 
     0.59 5375.86 1.43 0.18 
Diameter     0.52 4138.21 0 0.36 
     0.52 4193.75 0.53 0.28 
     0.52 4194.42 1.20 0.20 
Survival     0.42 133.92 0 0.94 
     0.42 135.93 0.81 0.29 
     0.36 136.89 2.55 0.15 
Site 2 
November 
Height     0.38 6150.10 0 0.36 
     0.38 6150.32 0.21 0.32 
     0.38 6152.08 1.98 0.13 
Diameter     0.49 4494.25 0 0.54 
     0.49 4496.12 1.83 0.21 
     0.48 4497.31 3.02 0.12 
Survival     0.48 262.15 0 0.70 
     0.48 270.93 1.86 0.27 
     0.47 271.87 8.71 0.009 
January 
Height     0.71 4780.32 0 0.56 
     0.71 4781.11 0.79 0.37 
     0.71 4781.01 5.70 0.03 
Diameter     0.69 4255.89 0 0.72 
     0.69 4257.74 1.89 0.28 
     0.67 4286.04 30.14 <0.001 
Survival     0.70 -29.27 0 0.69 
     0.68 -27.63 1.63 0.30 
     0.66 -1.02 28.24 <0.001 
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Figure 7.3. Maps of SADIE index of clustering for seedling response on Site 1. Panels in the left and right 
columns show the analysis for early and middle plantation date,respectively. (a) survival; (b) final height; (c) 
final diameter. The maps show patches and gaps. Patches are areas where values of the studied variable are 
above the mean(_ > 1.5, named _i by convention) and are represented by different shades from dark gray to 
black. Gaps are areas where values of the studied variable are below the mean(_ < −1.5, named _j by 
convention) and are represented by different shades from light gray to white. 
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Figure 7.4. Maps of SADIE index of clustering for seedling response on Site 2. Panels in the left and right 
columns show the analysis for early and middle plantation date,respectively. (a) survival; (b) final height; (c) 
final diameter. The maps show patches and gaps. Patches are areas where values of the studied variable are 
above the mean(_ > 1.5, named _i by convention) and are represented by different shades from dark gray to 
black. Gaps are areas where values of the studied variable are below the mean(_ < −1.5, named _j by 
convention) and are represented by different shades from light gray to white 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
174 
 
 
Table 7.5.- Best-fitting regression models of seedling response according to topographic predictor variables 
obtained by low density LiDAR data. The best model within each set is presented, ranked according to their 
second-order AIC (AICc) value, ∆AICc, difference between the AICc of each model and that of the best model, 
and wi, Akaike weights. AICc measures the relative goodness of fit of a given model; the lower its value, the 
more likely it is that this model is correct. Unshaded cells indicate variables that were not included in a 
particular model. Slope inclination (SLO), aspect (ASP), Compound Topographic Index (CTI) and flow 
accumulation (FLA) 
 
 
Variable CTI FLA ASP SLP R2 AICc ∆AICc Wi 
Site 1 
November 
Height     0.59 2066.88 0 0.72 
 
    0.59 2068.77 1.89 0.28 
 
    0.55 2178.31 111.43 <0.001 
Diameter     0.59 726.77 0 0.99 
 
    0.59 737.01 10.23 0.006 
 
    0.56 822.60 95.82 <0.001 
Survival     0.62 -385.96 0 0.73 
 
    0.62 -383.93 2.03 0.26 
 
    0.59 -291.42 94.53 <0.001 
January 
Height     0.51 5109.44 0 0.67 
 
    0.51 5110.88 1.44 0.32 
 
    0.46 5183.68 74.23 <0.001 
Diameter     0.60 3644.82 0 0.68 
 
    0.60 3646.30 1.48 0.23 
 
    0.58 3706.87 62.04 <0.001 
Survival     0.55 -752.71 0 0.39 
     0.55 -750.87 1.83 <0.001 
     0.53 -600.19 152.51 <0.001 
Site 2 
November 
Height     0.46 6098.60 0 0.72 
 
    0.46 6100.59 1.98 0.26 
 
    0.44 6111.41 12.80 0.001 
Diameter     0.52 4472.78 0 0.56 
 
    0.52 4473.94 1.16 0.31 
 
    0.51 4477.05 4.27 0.006 
Survival     0.48 265.44 0 0.47 
 
    0.48 265.46 0.01 0.47 
 
    0.47 271.34 5.90 0.02 
January 
Height     0.56 4924.36 0 0.68 
 
    0.56 4926.43 2.07 0.24 
 
    0.55 4930.33 5.97 0.03 
Diameter     0.48 4442.24 0 0.64 
 
    0.48 4444.28 2.04 0.23 
 
    0.47 4446.91 4.67 0.06 
Survival     0.54 138.95 0 0.47 
     0.53 139.40 0.44 0.38 
     0.53 141.74 2.79 0.11 
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3.3. Relative importance of topographic variables affecting the spatial pattern of 
growth and survival 
 
Four topographic variables obtained from the Total Station and LiDAR data were 
incorporated in the OLS regression to predict survival and growth patterns. As expected, 
most of the topographic variation explaining seedling response was spatially structured. 
The effects of each topographic predictor on seedling survival and growth were 
established by standardized regression coefficients of full OLS models, in which these 
effects were measured after taking into account the spatial structures defined by the 
SADIE variables (Table 7.4, Table 7.5).  
 
Regarding the Total Station data for the more favorable site (Site 1), the early 
plantation date showed the lowest partial coefficients related to CTI, FLA and ASP (R2 < 
0.34) (Table 7.4). More importantly, standard OLS regression showed R2 values usually 
higher than 0.4 in the rest of cases. In contrast, the more restrictive site (Site 2) and later 
plantation dates showed a stronger significant positive coefficient with CTI, FLA and SLO 
(R2 > 0.69) (Table 7.4), indicating that most of the variation in seedling response can be 
explained by the combined effects of topographic predictors. 
 
Moreover, when using LiDAR data predictors, the overall explanatory power of 
these full models was generally high (R2 > 0.46), indicating that most of the variation in 
seedling response could be explained by the combined effects of topographic predictors 
(Table 7.5), with the overall effect of aspect in these metrics being much smaller. For the 
more favorable site quality (Site 1), early and medium plantation dates showed the 
strongest partial coefficients related to CRI, FLJ and SLO (R2 > 0.89). For the more 
restrictive site (Site 2) and later plantation dates, a significant positive coefficient was 
found for CRI, FLJ and ASP (R2 > 0.46) (Table 7.5), indicating that most of the variation in 
seedling response can be explained by the combined effects of similar topographic 
predictors than when using Total Station data (Table 7.6). Consequently, although some 
variation was found regarding the importance of the topographic variables used in the 
models, the LiDAR topographic data had a stronger relationship with seedling response 
variables and performed better than the field topographic model according to the AIC 
values. 
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Table 7.6. Best-fitting regression models of seedling response according to topographic predictor variables 
obtained by Total Station. The best model within each set is presented, ranked according to their second-order 
AIC (AICc) value, ∆AICc, difference between the AICc of each model and that of the best model, and wi, 
Akaike weights. AICc measures the relative goodness of fit of a given model; the lower its value, the more 
likely it is that this model is correct. Unshaded cells indicate variables that were not included in a particular 
model. Slope inclination (SLO), aspect (ASP), Compound Topographic Index (CTI) and flow accumulation 
(FLA). 
 
 
4. DISCUSSION 
 
We examined whether spatial variation in topographic variables is a relevant factor 
for P. halepensis seedling establishment in Mediterranean ecosystems. This trial showed 
that seedling survival and growth varied between two quality contrasted sites, and that a 
strong random component was linked to spatial patterns of topographic variables. Some 
studies have shown how survival and growth responses are modified by nursery and field 
treatments in the same experiment (Seifert et al., 2006; Palacios et al., 2009; Del Campo 
et al., 2011; Villar-Salvador, et al., 2012), the relationship of survival and growth responses 
to topographic variables (Gonzalez-Rodríguez et al., 2011). Our results showed that date 
of planting and site quality features can significantly affect the survival and growth of Pinus 
halepensis seedlings, and that these variables have to be considered jointly with the 
spatial patterns of topographic variables. Additionally, low density LiDAR data can be used 
to integrate main topographic features and performed better as the field model to evaluate 
the effect of spatial pattern on seedling response. 
Variable CTI FLA ASP SLP CTI FLA ASP SLP 
 Field data Low LiDAR data 
Site 1 
November 
Height 1 1 1 0.29 0.28 1 1 1 
Diameter 1 1 1 0.97 1 1 1 0.99 
Survival 1 0.95 1 1 1 1 1 0.73 
January 
Height 1 0.66 0.43 1 1 1 0.32 1 
Diameter 1 0.43 0.35 1 1 0.76 0.32 1 
Survival 1 0.40 0.26 1 1 1 1 0.71 
Site 2 
November 
Height 1 0.47 0.26 0.30 1 0.99 0.72 0.99 
Diameter 1 0.33 0.76 0.99 1 0.90 0.60 0.97 
Survival 1 0.98 0.98 1 1 0.99 0.49 0.95 
January 
Height 1 1 0.41 1 1 0.93 0.27 0.99 
Diameter 1 1 0.28 1 1 0.88 0.29 1 
Survival 1 1 0.30 1 1 0.87 0.61 0.98 
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4.1 Seedling survival and growth among plantation treatments 
 
The hypothesis that P. halepensis seedlings will experience higher survival and 
growth in better site quality and early plantations due to the earlier establishment of roots, 
shoots and leaves was supported. Site quality and planting date were the variable with the 
greatest influence on plant survival after one growing season, followed by seedling quality 
stock, as indicated by the Cox regression model. The percentage of seedlings established 
24 months after planting was higher for early plantation (54%) than medium plantation 
(36%). However, the proportion of seedlings that survived until the end of the study was 
very similar between seedling stocks (~ 40%) (Figure 7.1). It is important to highlight the 
variation in survival rates of stock 1 in both sites and for both planting dates: in Site 2 (less 
favorable site), final survival on early and medium dates was 63% and 5%, respectively, 
while in site 1 (more favorable site) it was 67% and 42%, respectively. In calculating the 
average of both percentages, a similar value is obtained to that of the remaining stocklots, 
which presented much more balanced survival rates between dates (data not shown). This 
performance of stock 1 is the result of an interaction between stock quality and plantation 
date, which was not detected by the Cox analysis but in the growth analyses. Stock 1 
presented a high N concentration, which has been positively related to survival and growth 
(Oliet et al., 2009; Villar Salvador et al., 2012), thus explaining the early date (November) 
results. On the other hand, temperatures were abnormally low in the region in late January 
(just after the medium date planting), reaching -8º C in the study area. Low temperatures 
are known to affect plant tissues with high N that can prolong the vegetative stage and 
increase the probability of cold injury (Royo et al., 2001; Puértolas et al., 2003). 
 
Planting at the beginning of the Mediterranean winter period significantly increased 
survival, growth and early establishment success, as reported across a range of 
Mediterranean species (Turner et al., 2006; Palacios et al., 2009; Potts et al., 2010). This 
response has been linked to the promotion of deeper root growth; improved cold tolerance, 
altered soil moisture profiles, and less transplanting stress for seedlings planted at an early 
date, particularly during the summer drought period (Schiller and Cohen, 1998; Lloret et 
al., 1999; Potts et al., 2010). One of the major ecological factors acting on afforestation 
performance under Mediterranean climate is water availability (Ceballos et al., 2004; 
Nainggolan et al., 2012) and early plantation effectively increased water availability for the 
establishment process and cold tolerance in stock 1. Particularly in these conditions, the 
planting date could be a key factor affecting establishment. Early seedling plantation 
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allows seedlings to access additional soil water content (Potts et al., 2010), which might 
reduce the spring and summer internal water stress that seedlings undergo in later 
plantings (Villar-Salvador et al., 2012). Thus, together with soil preparation, the careful 
selection of planting date seems to play an important role in the success of reforestation 
projects (Palacios et al., 2009). 
 
In line with earlier research on conifer seedlings, plantation date and seedling stock 
quality had a positive influence on the growth of P. halepensis compared with later 
plantations (Palacios et al., 2009). Seedling height was greater at early dates and in the 
more favorable site. At least initially, early plantation seedlings had higher growth rates 
than later plantation seedlings, and were quickly able to take advantage of the early growth 
presented during the winter months. They invested in rapid vertical growth, which enabled 
them to obtain a height advantage over later plantation seedlings that persisted until the 
end of the study (Table 7.1, Figure 7.2). The comparison of diameter increment values 
between treatments showed reduced seedling growth for later plantations, as well as more 
restrictive site (Site 2) and low-growth seedling stocks one year after planting. This growth 
effect can be partially attributed to the lower transplanting stress for seedlings in those 
treatments since they underwent a longer growth period after the time of planting, as it was 
in the case of later date plantation. Better site quality conditions and seedling stock also 
showed faster growth at the end of the trial, probably because those plantation factors 
allowed for better initial growth, in particular after the first summer (Table 7.1). As regards 
the date of plantation, during the first growing season there was a two-month difference in 
the duration of the total growing season between the early and medium date of plantation. 
Thus, the seedlings planted on the early dates had 2 months which favored their 
vegetative growth, mainly of their roots. In contrast, the medium-date seedlings were 
planted in a much less favorable period, which limited their capacity to uptake the scant 
water reserves available in the soil during the following prolonged drought period (Metcalfe 
and Grubb, 1997). Moreover, this initial advantage in growth persisted and resulted in 
greater seedling survival.  
 
As regards plant quality, considerably fewer differences in survival rates were 
observed for different stock qualities than for seedlings planted on different dates or 
different sites. Many studies have shown that plant quality plays a central role in survival 
and out-planting growth, although others have not found any clear relation between plant 
quality and post-transplant response (Navarro-Cerrillo et al., 2006; Palacios et al., 2009). 
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This open debate is due to the difficulty of assessing the effect of plant quality on the 
establishment of plantations as an isolated variable but jointly with the environmental 
factors and the plantation techniques employed. The results observed in our study showed 
a similar seedling response among stock types, having a weak power of association with 
seedling and growth survival when this was considered as an isolated factor.  
 
4.2 Spatial pattern of response variables 
 
Beyond measuring the effects of current nursery and plantation techniques, a full 
evaluation of seedling response patterns requires an understanding of the site-topography 
heterogeneity. Seedling response variables tended to show spatial gradients, whereas 
survival and growth showed some areas of higher values. Spatial patterns of survival and 
growth show that seedling response is related to a fine-scale spatial pattern of 
environmental variables on forest plantations (Figure 7.3 and 7.4, see also Quero et al., 
2011). These spatial patterns were generally within the expectations for Mediterranean 
domain and scale (Gallardo et al., 2000; Maestre et al., 2003; Valladares and Guzmán, 
2006). Furthermore, the present study shows that the small-scale spatial heterogeneity of 
topographic features varies between sites. Thus, the more favorable site in terms of 
survival (Site 1) was characterized by lower slopes that resulted in a broader, more 
continuous spectrum of topographic variables (e.g., water runoff, slope and aspect). In 
contrast, the less favorable site was characterized by a higher structural complexity that 
resulted in more heterogeneous topographic conditions. 
 
A relationship between fine-scale patterns of topographic variables and fine-scale 
patterns of survival and growth was observed (Table 7.3), reinforcing the idea that, at site-
spatial scales, seedling response is driven by micro-topographic patterns (Maestre et al., 
2003). Seedling survival and growth were clearly associated with topographic patterns 
following the overall pattern of Mediterranean plantations, in which water-related 
topographic predictors (Compound Topographic Index and flow accumulation) are the 
most important, reinforcing the idea that, at topographic-spatial scales, seedling response 
in Mediterranean ecosystems is driven by soil-water dynamics (e.g., Querejeta et al., 2001; 
Maestre et al., 2003). These variables may explain patterns by a simultaneous effect of 
topographic heterogeneity and available water, although the effects of slope and aspect 
cannot be ruled out (Gómez-Aparicio et al., 2004). A more complex set of explanations 
may be required when comparing sites, which may partially be the result of combining a 
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very large number of heterogeneous soil and topographic conditions leading to different 
microsite responses. The effects of site heterogeneity, measured as topographic relief, 
were significant in our analyses and probably much greater than previously detected for 
microsite scales (e.g., Querejeta et al., 2001; Maestre et al., 2003). In contrast, the effects 
of topographic relief, expressed as slope and aspect, were not significant (lower 
coefficients of determination for the original OLS regression) probably because these 
variables involve a more indirect, short-term effect in seedlings. However, seedling 
response was better explained by topographic variables on the restrictive site, with 
generally higher coefficients of determination (for the original OLS regression) than 
observed in the favorable site, indicating that topographic effects were not as strong here. 
The lack of a clear relationship between slope and aspect spatial variation and the spatial 
variation of seedling response may have been due to the effect of field topographic 
measures (i.e., Total Station topographic sampling bias). However, these variables are 
included in some models, and were significantly correlated with seedling response (Table 
7.4). 
 
4.3 Use of LiDAR in topographic descriptions 
 
One reason for the scarce use of topographic features in reforestation projects is 
the limited spatial resolution of the available cartography. Other factors may also contribute 
to the limited use of topographic features, such as the complexity of data processing or 
data accessibility. These problems may be overcome by using low resolution LiDAR data 
to evaluate topographic conditions at reforestation scale as we have done in this work. The 
ability of the LiDAR-derived Digital Elevation Model to identify the same predictor variables 
as field data shows that topographic variables may be measured accurately at selected 
sites using LiDAR data.  
 
Indeed, Brubaker et al. (2013) recently showed that LiDAR has the capacity to 
characterize surface roughness and microtopography. In this study, LiDAR topography 
patterns were used to define seedling response. It is important to note that the explanatory 
power of the LiDAR topography patterns was much higher than previous analyses at field 
scale, indicating the more complex resolution of this information (James et al., 2007; 
Brubaker et al., 2013). Topographic heterogeneity cannot be easily defined at the 
plantation scale, since it involves topographic conditions at spatial and temporal 
hierarchical scales, as reflected in the SADIE patterns (Quero et al., 2011).  
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The topographic morphology described by LiDAR was also closely linked to 
seedling response, thus indicating the potential of these data for evaluating reforestation 
success, which should be based, in part, on an accurate examination of topographic 
features. For example, the monitoring of water flow along hill-slope (expressed as CTI and 
flow accumulation) was strongly reflected using LiDAR data and seedling response. 
Accurate maps of topographic microsites based on topographic details may accurately 
forecast whether a given plantation has a higher survival and growth potential, considering 
routine reforestation planning activities such as soil preparation.  
 
LiDAR technology can greatly improve topographic maps prior to reforestation 
actions as well as topographic analyses such as water use efficiency use at levels of 
precision not previously possible with standard cartography data. If possible, data 
accuracy should also be improved to enable the identification of local geomorphic features 
that are diagnostic of reforestation features as shown in this work. Several adjustments to 
LiDAR data collection and processing could improve the topographic mapping results. The 
data used in this study have relatively sparse point densities (0.5 points m-2) by current 
LiDAR commercial standards. Data on the average density between 1 and 2 points m-2 are 
now increasingly available from government agencies. Higher-resolution LiDAR data can 
improve the resolution of DEMs and contour maps, and could improve the sensitivity of the 
topographic data to abrupt changes in slopes. Despite this more complex approach 
underlying seedling response at site scale, different species have different requirements in 
terms of microsite use and response to topographic conditions, and differences in their 
spatial patterns may help elucidate general processes driving variations in seedling 
response. As discussed above, using the low-density LiDAR data approach suggested in 
this work to analyze spatial patterns in seedling response may be very informative in 
improving our understanding of reforestation success. 
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5. CONCLUSIONS 
 
Planting date and site quality have been shown to be factors determining survival 
response of P. halepensis in a reforestation carried out in the Mediterranean area. 
However, given the low survival rates of many afforestation programs in Mediterranean 
forests, a better understanding of the spatial interactions between topographic features 
and seedling response is increasingly needed at plantation scales to insure sustained 
restoration activities (Maestre and Cortina, 2004). Therefore, as pointed in this study, a full 
evaluation of seedling response patterns requires, beyond measuring current reforestation 
techniques effects (e.g., planting date, seedling quality and soil preparation), the 
understanding of the topographic dynamics, which are closely linked to water flow. 
Although these more complex processes underlying plantation success are difficult to 
model at small spatial units (i.e., micro-topographic), we believe that this information can 
be useful to improve our understanding of restoration in Mediterranean areas. 
 
Detailed topographic data can contribute to explaining the spatial pattern of 
seedling response as the main topographic variables can be clearly identified, measured, 
and mapped at project scale. LiDAR data provides a relatively fast and efficient way to 
survey topographic details over large areas. Low LiDAR-derived data successfully 
identified and characterized the topographic features in the two study areas. The capacity 
of LiDAR-derived data to interpret seedling response is similar to that of high-precision 
topographic data. This evaluation capability should be of increasing importance for 
reforestation projects. As LiDAR technology becomes more economical and the analysis 
and products more refined, applications of the technology will expand. This capability 
should improve the use of topographic information for the interpretation of potential 
plantation response related to seedling response.  
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DISCUSIÓN GENERAL 
 
1.- INTRODUCCIÓN 
Como ya se ha comentado al inicio de esta tesis, la calidad de planta es un 
requisito necesario para el éxito de una repoblación, especialmente en medios difíciles 
como el mediterráneo, y esta calidad es consecuencia directa del régimen de cultivo 
practicado sobre ella (Wenny y Dumroese, 1993; Jenkinson et al., 1993; Navarro-Cerrillo 
et al., 2006a;  Navarro-Cerrillo y Del Campo, 2006). 
 
El objetivo general de la tesis ha sido determinar un estándar de calidad final para 
brinzales de pino carrasco (Pinus halepensis Mill.), para las condiciones particulares de la 
Comunidad Valenciana, y el establecimiento del correspondiente régimen de cultivo 
necesario para su obtención, con el fin de para mejorar el establecimiento de esta especie 
en repoblaciones forestales en condiciones mediterráneas secas.  
 
El primer objetivo fue revisar las prácticas de cultivo que tradicionalmente se 
estaban empleando en los viveros forestales de Valencia, estudiando los distintos 
atributos morfológicos y fisiológicos conseguidos mediante estos regímenes, y 
determinando el estándar de calidad preliminar que se producía en estos viveros (Burdett, 
1983). Posteriormente se han evaluado la respuesta en campo de la planta así obtenida 
mediante el establecimiento de parcelas de contraste en campo. Esto permitió determinar 
qué aspectos de la calidad final de planta han sido un elemento determinante en el éxito o 
el fracaso de la repoblación, investigando las causas y proponiendo cambios en aquellas 
variables de cultivo implicadas (Jenkinson et al., 1993). Con los resultados obtenidos de 
los lotes de planta, y con el mejor comportamiento en plantación, se ha caracterizado el 
estándar de calidad de planta del Pinus halepensis para cada una de las estaciones tipo 
estudiadas a través de distintos atributos, poniendo a punto, para cada atributo 
seleccionado, la metodología de análisis correcta, así como su interpretación en términos 
de cultivo en vivero. 
 
Finalmente, se ha establecido un protocolo del cultivo para brinzales de Pinus 
halepensis para alcanzar el estándar de calidad propuesto, que permita hacer un 
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seguimiento individualizado de las distintas variables implicadas en el proceso. Sobre la 
base de este protocolo, se podrá revisar las prácticas de cultivo que actualmente se están 
empleando en los viveros forestales de Valencia. 
 
 
2. RESPUESTA EN CAMPO DEL PINO CARRASCO 
 
La etapa final del proceso de control de cultivo en vivero son las parcelas de 
contraste, a través de la cuales se estudian la mejora en la respuesta en campo para los 
distintos lotes de planta en función de la calidad y del régimen de cultivo (Figura 8.1). 
Estas diferencias de comportamiento de los distintos lotes han permitido establecer un 
estándar de calidad para las estaciones estudiadas y determinar hasta qué punto la 
calidad final de planta es un elemento determinante en el éxito de la repoblación forestal.  
 
 
Figura 8.1. Plantación de Pinus halepensis en parcela de contraste en el monte  “Muela de  
Cortes” (Cortes de Pallás) (Foto: J. Hermoso). 
 
 
Los resultados de la tesis (Capítulo 3) muestran que durante el primer año, los 
factores climáticos afectaron a la respuesta de las plantas de Pinus halepensis más que la 
textura del suelo, mientras que en el segundo año, después de la fase de instalación, el 
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crecimiento se correlacionó con los porcentajes de arcilla y limo, confirmando el efecto 
predominante de la estación. La profundidad del suelo es uno de los principales factores 
limitantes de las repoblaciones en climas semiáridos, lo que indica que la influencia de los 
atributos de calidad de planta sobre la supervivencia varía en función de las condiciones 
de la estación, siendo los atributos fisiológicos más dependientes de la estación que los 
atributos morfológicos. Respecto a las condiciones meteorológicas, la supervivencia se 
correlacionó preferentemente con las temperaturas en lugar de con la precipitación. En 
general, cuando se repueblan estaciones de peor calidad de estación (clima más cálido y 
suelo poco profundo), mayor es la importancia de la calidad de planta, especialmente en 
relación con el tamaño de las plantas (altura y diámetro), y el contenido de 
macronutrientes (N-P-K). El mayor tamaño de las plantas y las reservas de nutrientes 
permiten un mayor crecimiento de la raíz y, por lo tanto, una mayor probabilidad de 
superar el estrés hídrico (Puértolas et al., 2003).     
 
En el capítulo 5 se ha investigado la respuesta al establecimiento del pino carrasco 
en condiciones de sequía severa, en relación con el tamaño de la planta y su estado 
nutricional, con especial énfasis en el potasio. Los resultados demuestran el efecto 
predominante del tamaño de la planta sobre el estado nutricional para la supervivencia de 
las plantas de pino carrasco en condiciones de sequía intensa. Así, tanto en el 
experimento en invernadero como en el ensayo de plantación en campo, la mayoría de los 
lotes de mayor tamaño sobrevivieron significativamente mejor que los de tamaño 
convencional. A pesar de presentar una amplia variación, y en contraste con otros 
estudios, las concentraciones nutricionales, y en particular la del potasio, no estaba 
relacionada con la supervivencia para un tamaño dado (planta de un mismo vivero), 
aunque si se relacionó con la supervivencia cuando fueron considerados ambos viveros y, 
por lo tanto, existe un efecto relacionado con el tamaño de la planta producida en cada 
vivero.  
 
También en el capítulo 5, se han estudiado medidas para aminorar la sequía 
mediante la aplicación de hidrogeles. En el experimento en invernadero, el hidrogel tuvo 
un efecto negativo sobre la supervivencia de las plántulas. Los suelos modificados con 
hidrogel mostraron aumentos significativos en el contenido de agua en el suelo (Sarvaš et 
al., 2007). Sin embargo, el agua del suelo aumentó sólo en las tensiones de succión más 
bajas, es decir, que presento poca eficiencia en un suelo limoso, pero también en un suelo 
arenoso bajo severas condiciones de sequía. 
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En el capítulo 7 se ha comprobado la hipótesis de que el crecimiento y la 
supervivencia de los brinzales de Pinus halepensis están relacionados con la calidad de 
planta, la fecha de plantación y las condiciones topográficas, así como la distribución 
espacial de estas variables ambientales. Se ha demostrado que la fecha de siembra y la 
calidad del sitio son factores que determinan la respuesta de supervivencia del pino 
carrasco en una repoblación llevada a cabo en la provincia de Valencia. Las plantas de 
pino carrasco mostraron mayor supervivencia en la fecha temprana de plantación 
(noviembre) en comparación con la fecha tardía (enero), y mayor supervivencia en el sitio 
favorable frente al sitio restrictivo. Sin embargo, la calidad de planta tuvo poco efecto 
sobre la supervivencia y el crecimiento. La supervivencia de las plantas se asoció 
claramente con los patrones topográficos, particularmente con aquellos relacionados con 
la disponibilidad de agua, indicando que a escalas topográfico-espaciales, la respuesta de 
las plantas está determinada por la dinámica suelo-agua en los ecosistemas 
mediterráneos. 
 
Dada la baja tasa de supervivencia de muchas repoblaciones forestales en zonas 
mediterráneas, se necesita una mejor comprensión de las interacciones espaciales entre 
las características topográficas y la respuesta de las plantas en la plantación. Unos mapas 
más precisos de los factores topográficos, descritos en este caso a partir de los datos 
LiDAR, pueden indicar si una plantación tiene un mayor potencial de supervivencia y 
crecimiento, así como planificar adecuadamente las habituales actuaciones de una 
reforestación, como es la preparación del suelo.  
 
 
3. CALIDAD DE PLANTA DE PINO CARRASCO EN VALENCIA 
 
Para la determinación de la calidad de planta, teniendo como base la clasificación 
adoptada por Ritchie (1984), se han integrado atributos morfológicos y fisiológicos, ya que 
los primeros describen la adaptación general de la planta al tipo de repoblación 
(procedimiento de preparación, plantación, etc.), y los fisiológicos su capacidad de 
aclimatación a las condiciones de estación (Navarro-Cerrillo y Del Campo, 2006). También 
se han utilizado los atributos de respuesta (también llamados de desarrollo o de 
comportamiento) que miden la respuesta que presenta la totalidad de la planta cuándo 
ésta es sometida a unas condiciones de ensayo particulares (Ritchie y Tanaka, 1990) 
(Tabla 8.1). 
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Tabla 8.1. Atributos de calidad medidos en la determinación de la calidad de planta de Pinus halepensis 
ATRIBUTOS MATERIALES Abrevia. Ud. Nº 
 muestras Material/Método 
Nece- 
sario 
Acon- 
sejable 
Acce- 
sorio 
Atributos morfológicos      
P
ar
ám
et
ro
s 
Altura H cm 100 Regla graduada (0,1 cm) X   
Diámetro en la base del tallo D mm 100 Calibre digital (0,1 mm) X   
Peso seco Foliar PSF g 25 65ºC 24h + Balanza 0,01 g  X  
Peso seco Aéreo (foliar + 
tallos) PSA g 25 
65ºC 48h + Balanza 0,01 g X   
Peso seco Radical PSR g 25 65ºC 48h + Balanza 0,01 g X   
Area foliar AF cm2 7 Análisis imágenes  (ej. Win-Rhizo©)   X 
% Área foliar 
clorótica/necrótica %AFcl % 7 
Análisis imágenes  
(ej. Win-Rhizo©)  X  
Morfología radical: 
Longitud total del sistema 
radical 
Diámetro medio de la raíz 
Fibrosidad: % L.T. ≤ 0.5mm 
diámetro 
Número de puntas blancas 
Longitud raíces blancas 
 
 
LR 
DMR 
%L<.5mm 
 
NPB 
LRB 
 
 
cm 
cm  
% 
 
nº 
cm 
 
 
7 
7 
7 
 
7 
7 
Análisis imágenes  
(ej. Win-Rhizo©) 
 
X 
 
Ín
di
ce
s 
Esbeltez  H/D cm/mm 100  X   
Cociente parte aérea–parte 
radical 
PA/PR mg g-1 25  X   
Índice calidad DICKSON QID - 25 QID = Peso seco total / 
((H/D)+(PSA/PSR))   X 
Atributos fisiológicos        
Estado nutritivo (hoja o parte aérea)    Determinación en Laboratorio    
Concentración N N % 25(1) Digestión Kjeldahl ó micro Kjeldahl X   
Concentración P P % 25(1) Colorimetría. Método del fosfomolibdovanato (420nm) X   
Concentración K K % 25(1) Espectroscopía de 
absorción atómica X   
Concentración Ca Ca % 25(1) Espectroscopía de 
absorción atómica   X 
Concentración Mg Mg % 25(1) Espectroscopía de 
absorción atómica   X 
Concentración Fe Fe % 25(1) Espectroscopía de 
absorción atómica  X  
Estado Reservas (Carbohidratos)        
Almidón Alm % 25(1) Ácido perclórico o  digestión enzimática   X 
Azúcares solubles AzS % 25(1) Ácido perclórico o  digestión enzimática   X 
Estado hídrico        
Potencial hídrico al alba Ψ MPa 5 Cámara de presión   X 
Déficit  saturación en pérdida de 
turgencia DSHPT % 5 
Cámara de presión 
 (curvas P-V)   X 
Potencial osmótico en 
saturación Ψpi0 MPa 5 
Cámara de presión  
(curvas P-V)   X 
Potencial osmótico pérdida de 
turgencia  ΨpiPT MPa 5 
Cámara de presión 
 (curvas P-V)   X 
Módulo elasticidad paredes 
celulares Emx MPa 5 
Cámara de presión  
(curvas P-V)   X 
ATRIBUTOS DE RESPUESTA  Ud. Nº 
 muestras Material/Método 
Nece- 
sario 
Acon- 
sejable 
Acce- 
sorio 
Potencial de Crecimiento Radical PCR       
Peso Seco Raíces Nuevas PCR_PS g 15-20 Ensayo específico 
 (delCampo et al 2007) (1),(2) (3)  
Número Raíces Nuevas > 1 cm PCR_# nº 15-20 Ensayo específico  (delCampo et al 2007) (1),(2) (3)  
Resistencia al frio: Índice de daño Id % 15 Ensayo específico 
 (McKay, 1992) (3) (2)  
(1)Piso Termomediterráneo;  (2)  Piso Mesomediterráneo;  (3)  Piso Supramediterráneo 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
190 
 
Las diferencias de comportamiento en la respuesta en campo para los distintos 
lotes de planta estudiados, permitirán establecer un estándar de calidad de pino carrasco 
para las estaciones consideradas y determinar hasta qué punto la calidad final de planta 
es un elemento determinante en el éxito de la repoblación forestal. Para establecer 
cuantitativamente los valores de estos estándares de calidad hay que determinar el 
número de atributos de calidad a considerar y a uniformizar los criterios e interpretación de 
resultados obtenidos en las prácticas normales de producción de planta y repoblación 
forestal (Puttonen, 1997). La evaluación de la calidad de planta se puede realizar mediante  
la determinación de los atributos morfológicos, fisiológicos y los de respuesta (Grossnickle 
et al., 2016), pero todos ellos han de ser directamente medibles y fácilmente 
generalizables en las condiciones particulares en que se encuentra cada vivero forestal 
(Figura 8.2). Entre los atributos que han demostrado mayor capacidad predictiva del 
comportamiento en campo están los morfológicos (la altura, el diámetro, la esbeltez y la 
relación entre el peso seco de la parte aérea y la parte radical) (Navarro-Cerrillo et al., 
2006b) y la concentración de nutrientes, especialmente de N (Puértolas et al., 2003). 
También algunas variables del sistema radical, como su diámetro medio, las puntas 
blancas (Figura 8.3) o el cociente entre longitud de raíz y su número de puntas, se 
correlacionan con el Potencial de Regeneración o Crecimiento Radical (PRR ó PCR) de la 
planta y, por lo tanto, con su vigor (Del Campo et al., 2007b).  
 
 
Figura 8.2. Variaciones morfológicas en planta de Pinus halepensis en el vivero de La Hunde 
(Ayora). (Foto: J. Hermoso) 
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Figura 8.3. Crecimiento radical en cepellón de Pinus halepensis  
(Foto: J. Hermoso) 
 
 
Las mediciones de las distintas variables o atributos deben realizarse sobre planta 
seleccionada al azar en el vivero o bien mediante un procedimiento sistemático que 
garantice un muestreo eficaz del lote a examen. La evaluación de la calidad de planta 
debe hacerse en vivero tan próxima a la plantación como sea posible. Los atributos 
morfológicos son relativamente estables durante unos dos meses aproximadamente 
(Navarro-Cerrillo et al., 2006b). Sin embargo, los atributos de respuesta (y en menor 
medida los fisiológicos) son mucho más variables y su capacidad de predicción decrece 
considerablemente con el tiempo transcurrido entre su determinación y la plantación, por 
lo que no se recomiendan periodos superiores a un mes. 
 
En el capítulo 6 se ha estudiado la variabilidad que presenta el test del Potencial de 
Crecimiento Radical (PCR) en lotes comerciales de Pinus halepensis en función de la 
calidad de planta empleada y las condiciones de realización del test. Se tomaron varios 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
192 
 
lotes de pino carrasco con una calidad dispar y se realizó el test del PCR en dos fechas 
distintas (noviembre y febrero). El ensayo se realizó, por una parte, en condiciones 
ambientales semicontroladas de invernadero durante 30 días y, por otro parte, en 
condiciones controladas en cámara de cultivo durante 10 días (Figuras 8.4 y 8.5). Los 
lotes sometidos al test del PCR fueron contrastados en dos parcelas (Enguera y La 
Hunde) correspondientes a dos estaciones ecológicamente muy diferentes, a fin de testar 
la capacidad predictiva de los distintos tipos de test ensayados. Se estudió la correlación 
entre los valores del PCR y la calidad de planta con la respuesta en plantación, 
observándose que sólo el PCR en cámara de cultivo y de febrero se correlacionaba con la 
supervivencia, en ambas parcelas y controles. Por lo tanto, aunque hubo una variación 
considerable en los resultados del PCR dependiendo de la fecha de aplicación, las 
condiciones de ensayo y los factores de cultivo, el resultado de las pruebas en la cámara 
de cultivo en febrero presentó una buena correlación para la supervivencia en ambas 
estaciones. Como conclusión final de este estudio se desprende que el PCR tiene una 
buena capacidad predictiva para evaluar la calidad de planta en el pino carrasco y para 
predecir la respuesta en plantación, cuando el test se realiza en cámara de cultivo y en un 
periodo de tiempo justo antes de la plantación. 
 
 
 
Figura 8.4. Disposición del ensayo del test de PCR en invernadero. (Foto: A. del 
Campo) 
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Figura 8.5. Disposición del ensayo del test de PCR en la cámara de cultivo. (Foto: A. 
del Campo) 
 
 
La aplicación de estos atributos de calidad, y la definición de los valores estándar 
para Pinus halepensis en la Comunidad Autónoma de Valencia, ha permitido preparar un 
conjunto de fichas que recogen los valores para cada lote de planta, a fin de facilitar su 
consulta y presentación. En cada ficha aparecen, en una primera columna, los valores 
medios de los diversos atributos medidos seguidos de una segunda columna con las 
desviaciones típicas o error estándar de estos datos. Junto a estas dos columnas 
aparecen otras dos correspondientes a la media y desviación típica obtenida para el 
estándar de calidad desarrollado por la UPV para esta especie, esto es, incluyendo a la 
totalidad de los lotes controlados en otras campañas que han dado resultados 
satisfactorios en el contraste en campo (estos datos se presentan en texto de color verde). 
De esta forma se puede comparar los valores puntuados por un determinado lote respecto 
al valor del estándar.  
 
En la parte inferior de la ficha aparece un gráfico, denominado “ventanas de 
calidad”, cuya función es la de representar, de manera gráfica, las principales 
dimensiones morfológicas del lote (altura-diámetro del cuello de la raíz y peso aéreo-peso 
radical) y compararlas con otros lotes de planta (Navarro-Cerrillo et al., 2006b), tales como 
la media de la especie para la campaña, para un conjunto de registros históricos de esa 
misma especie, o para el estándar de calidad. Estas ventanas permiten apreciar el área 
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que ocupan los lotes con mejor respuesta y por tanto los rangos de ese atributo que 
maximizan la supervivencia y desarrollo de la planta en campo, es decir, se puede 
observar fácilmente la tendencia que tiene la planta tipo respecto a los atributos 
morfológicos más significativos. El trazo continuo se refiere a los valores históricos que 
maximizan la supervivencia para la totalidad de los lotes ensayados en Valencia. El trazo 
discontinuo corto se corresponde con los valores considerados óptimos para esa especie 
en repoblaciones en Valencia o estándar establecidos por la bibliografía de la especie. El 
trazo discontinuo largo se corresponde a los resultados globales de todos los lotes de la 
campaña correspondiente. El trazo continuo rojo corresponde a las características 
morfológicas del lote de planta analizado (Figuras 8.6 a 8.11). 
 
El control de las variables morfológicas y su mantenimiento dentro de unos valores 
de referencia (ventanas de calidad) es un sistema sencillo para estandarizar el cultivo de 
una especie, y puede suponer un paso muy importante en los programas de cultivo y 
control de calidad en los viveros forestales. 
 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición y contraste de los estándares de calidad de planta. 
 
 
195 
 
 
 
Figura 8.6. Ficha de calidad de planta de Pinus halepensis del vivero de La Hunde (Valencia) - 2007 
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Figura 8.7. Ficha de calidad de planta de Pinus halepensis del vivero de TRAGSA-San Fernando (Madrid) – 2007 
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Figura 8.8. Ficha de calidad de planta de Pinus halepensis del vivero de El Carrascal (Valencia)  - 2007 
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Figura 8.9. Ficha de calidad de planta de Pinus halepensis del vivero de El Hontanar (Valencia)  - 2007 
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Figura 8.10. Ficha de calidad de planta de Pinus halepensis del vivero de La Hunde - 2008 
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Figura 8.11. Ficha de calidad de planta de Pinus halepensis del vivero de El Hontanar - 2008 
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Este control de los atributos morfológicos, fisiológicos y de respuesta, y su 
mantenimiento dentro de unos valores de referencia, es un sistema sencillo para 
estandarizar el cultivo del Pinus halepensis, lo que puede suponer una guía para 
estandarizar los programas de cultivo y control de calidad en los viveros forestales de 
Valencia. La integración de estos valores ha servido para establecer unos rangos de 
valores para los diferentes atributos de calidad de planta de Pinus halepensis 
considerados adecuados para la provincia de Valencia (Tabla 8.2).  
 
 
Tabla 8.2. Atributos de calidad de planta de Pinus halepensis para la provincia de Valencia 
ATRIBUTOS Unidad Valor Definición  Abreviatura 
ATRIBUTOS MORFOLÓGICOS 
   
Altura H  cm 17.1 ± 3.3 
Diámetro al cuello de la raíz D  mm 3.3 ± 0.5 
Peso seco foliar PSF  g 1.44 ± 0.43 
Peso seco aéreo PSA  g 2.11 ± 0.65 
Peso seco radical PSR  g 1.23 ± 0.4 
Área foliar AF  cm2 100.5 ± 23.9 
% Área foliar clorótica/necrótica %AFcl  % 10.6 ± 3.8 
Longitud total del sistema radical LR  cm 1532 ± 396 
Diámetro medio de la raíz DMR  cm 0.053 ± 0.007 
Fibrosidad: % L.T. ≤ 0.5mm diámetro %L<.5mm  % 62.4 ± 4.6 
Número de puntas blancas NPB  nº 1632 ± 1381 
Longitud raíces blancas LRB  cm 164 ± 95 
Esbeltez H/D  Cm mm-1 5.3 ± 1.1 
Cociente parte aérea–parte radical PA/PR  mg g-1 1.02 ± 0.19 
Índice calidad DICKSON QID  - 0.57 ± 0.23 
ATRIBUTOS FISIOLÓGICOS 
   
Concentración de N en hoja N  % 1.72 ± 0.08 
Concentración de P en hoja P  % 0.25 ± 0.01 
Concentración de K en hoja K  % 0.8 ± 0.03 
Concentración de Ca en hoja Ca  % 0.8 ± 0.05 
Concentración de Mg en hoja  Mg  % 0.3 ± 0.01 
Concentración de Fe en hoja  Fe  % 106.1 ± 22.7 
Almidón Alm  % 11.7 ± 1.1 
Azucares solubles AzS  % 3.3 ± 2 
Potencial hídrico al alba ψ MPa -0.23 ± 0.11 
ATRIBUTOS DE RESPUESTA 
   
Peso Seco Raíces Nuevas PCR_PS  g 0.058 ± 0.036 
Número Raíces Nuevas > 1 cm PCR_#  nº 15.1 ± 8.4 
Resistencia al frio: Índice de daño Id  % < 35% 
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4. CARACTERIZACIÓN DEL CULTIVO DE PINO CARRASCO EN VIVEROS DE 
VALENCIA 
 
Una vez establecido un estándar de calidad de Pinus halepensis que se considera 
adecuado para las plantaciones en Valencia, el siguiente paso será  adecuar las prácticas 
de cultivo que determinan la calidad final de la planta y la modificación de los 
correspondientes regímenes de cultivo que se están empleando en los viveros de 
producción de pino carrasco. Estas mejoras irían encaminadas a la producción de una 
planta tipo que se acercase al estándar de calidad que los resultados de campo han 
definido. Los regímenes de cultivo o protocolos de producción, particularizados para una 
especie, consisten en el establecimiento de las características o rangos que deben 
cumplir cada una de las variables que intervienen y de los pasos a seguir para el tipo de 
producción prevista, así como de la evolución del brinzal a lo largo del cultivo  (Landis et 
al., 1998).  
 
En el capítulo 4 se ha estudiado la influencia de la ubicación del vivero (continental 
y costera) y de los tratamientos de fertilización sobre el crecimiento,  alometría y calidad 
de planta de pino carrasco. Los tratamientos de fertilización se realizaron sobre los 
programas habituales de cultivo y consistieron en un enriquecimiento de K. Los resultados 
mostraron que la fertilización tuvo un efecto menor sobre el crecimiento y la alometría de 
los brinzales en comparación con la localización del vivero, que fue el factor determinante, 
ya que la temperatura parece tener un efecto primordial en el crecimiento de las plántulas. 
Por otro lado, los tratamientos con mayor aporte de nutrientes produjeron una 
concentración de nutrientes más alta en los brinzales, pero se asociaron con menores 
eficiencias de fertilización.  La eficiencia de los fertilizantes fue aproximadamente el doble 
en el vivero costero para los tres macronutrientes, aunque la concentración fue mayor en 
el vivero continental debido al menor crecimiento de los brinzales. Los regímenes de 
fertilización tuvieron poco efecto sobre el crecimiento de las plántulas en relación con la 
ubicación de los viveros, aunque su efecto relativo fue bastante consistente dentro de 
cada vivero. La mayoría de las diferencias entre los programas de fertilizantes puede 
explicarse por la cantidad total de nutrientes suministrados (N, P y K), mientras que las 
relaciones K/N o P/N no parecen desempeñar un papel importante en la nutrición de las 
plántulas. 
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Los resultados encontrados en este estudio indican que los viveros localizados en 
climas más templados, con periodo vegetativo más largo, parecen más adecuadas para 
producir plantas, con los valores del estándar de calidad de planta propuesto, de manera 
más eficiente (más rentable, mejor control de los cultivos con riego, mayor eficiencia de 
fertilizantes, etc.) que los viveros de clima continental situados en el interior de la 
provincia. Un programa de cultivo adecuado determina en gran medida la calidad final de 
la planta y las posibilidades de un cultivo homogéneo dentro de una campaña y en 
campañas consecutivas, aunque no son totalmente extrapolables de un vivero a otro, 
debido a las singularidades de cada vivero, por lo que su validez es limitada y deben 
utilizarse como una guía general para que cada vivero desarrolle y adapte ese protocolo a 
sus condiciones particulares de cultivo (Navarro-Cerrillo y Del Campo, 2006). 
 
El control del cultivo se realizó para los viveros públicos de la provincia de Valencia 
que producían pino carrasco (viveros de La Hunde, El Hontanar y El Carrascal), durante la 
campaña de 2007, en los cuales se cultivaron los lotes empleados en la determinación de 
la calidad de planta de Pinus halepensis en Valencia. La diferencia más apreciable entre 
estos viveros fue el programa de fertilización en función de su empleo por fertirriego o 
empleando fertilizantes de liberación controlada. Así, en el vivero de La Hunde se fertilizó 
mediante abonos de liberación controlada (FLC), mientras que en los viveros de El 
Hontanar y El Carrascal se empleó la fertirrigación, lo que permitió la diferenciación de 
tres fases de cultivo (germinación y establecimiento, crecimiento activo y endurecimiento) 
y el empleo de los fertilizantes correspondientes para cada una de ellas. La definición de 
los protocolos de cultivo dio como resultado un protocolo de pino carrasco en cada vivero 
productor, que se recogió en forma de ficha de cultivo, en el cual se representa 
visualmente todo el proceso productivo, desde la siembra hasta el despacho de la planta 
al campo (Figuras 8.12 a 8.14). Estos protocolos de cultivo se han generado a partir de la 
base de datos que anualmente se han ido recogiendo de todas las variables de cultivo 
(siembras, sustratos, condiciones ambientales, riego, fertilización, etc.) y en ellos también 
se describe la evolución del desarrollo morfo-fisiológico de las plántulas a lo largo de su 
cultivo.  
 
Esta metodología se desarrolla con el objetivo de trasladar a otros viveros la toma 
de información y monitorización del cultivo de pino carrasco destinados a las 
repoblaciones de la provincia de Valencia, así como su posible aplicación para otras  
zonas mediterráneas. 
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Figura 8.12. Ficha de control de cultivo de Pinus halepensis del vivero de La Hunde 
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Figura 8.13. Ficha de control de cultivo de Pinus halepensis del vivero de El Carrascal 
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Figura 8.14. Ficha de control de cultivo de Pinus halepensis del vivero de El Hontanar 
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El seguimiento y caracterización de estos protocolos de cultivo de pino carrasco 
realizados durante la campaña de 2007, para cada vivero productor, se contrastaron en 
las repoblaciones forestales llevadas a cabo en la provincia de Valencia durante las 
campañas de 2007 y 2008. La caracterización de la calidad final de planta de los lotes 
empleados en estas repoblaciones, se comprobaron por el resultados de respuesta en 
plantación de los lotes estudiados. 
 
Estos resultados se obtuvieron en el marco de los trabajos realizados por el 
Departamento de Ingeniería Hidráulica y Medio Ambiente de la E.T.S.I. Agrónomos de la 
Universidad Politécnica de Valencia, a través de los convenios con las empresas 
adjudicatarias de las repoblaciones, promovidos por la Conselleria de Medio Ambiente, 
Agua, Urbanismo y Vivienda. Así, como consecuencia del convenio con la empresa 
TRAGSA para el “Control de Calidad Integral de la Repoblación Forestal de los montes 
públicos del T.M. de Cortes de Pallás (Valencia)”, se instaló una parcela experimental de 
contraste de calidad de planta en el interior de la repoblación del monte V-1001 “Muela 
deCortes”. El objetivo de esta parcela experimental fue realizar un contraste en campo de 
la respuesta al establecimiento de varios lotes de planta de las especies usadas en la 
repoblación. La preparación del terreno y densidad de ahoyado en la parcela coincidieron 
con las correspondientes a la repoblación global donde se ubicó. La parcela se plantó 
entre finales de enero y principios de febrero de 2008 por plantadores de la propia 
repoblación y eliminando el efecto del plantador (un mismo lote se planta por distintos 
plantadores), para evitar posibles sesgos en la respuesta. Los pinos se plantaron sin tubo 
protector (a diferencia de lo que se hizo en el resto de la repoblación). La muestra de 
planta por cada lote fue de unas 150 plantas. Se etiquetó individualmente cada planta de 
modo que quedara identificada la especie, el lote, el bloque y el número de planta dentro 
del bloque (Del campo y Segura, 2009).  
 
En los resultados medios en supervivencia y crecimiento, en la parcela 
experimental se observó un mejor desempeño del lote del pino carrasco del vivero de La 
Hunde (PIHA-FP200-10-HU07), con casi un 100 % de supervivencia (Tabla 8.3).  
 
 
 
 
Tesis Doctoral 
Calidad de planta de Pinus halepensis Mill. en repoblaciones forestales en la provincia de Valencia. Definición 
y contraste de los estándares de calidad de planta. 
 
 
 
 
208 
 
Tabla 8.3.- Resultados de mortalidad (%) en cada control o toma de datos (C1: Plantación; C2: Antes del 1º 
verano; C3: Después del 1º verano; C4: Después del 2º verano) 
 
LOTE 
Mortalidad (%) 
C1 C2 C3 C4 
PIHA-FP200-10-HU07 0 7 10 
 
PIHA-FP200-9-CA07 
 
11 49 
 
PIHA-FP200-9-HO06 
   
65 
PIHA-FP200-9-HO07 
 
7 18 
 
PIHA-FP300-10-TM07 1 8 29 
 
PIHA-FP300-TG-06 
 
16 19 
 
PIHA-PL200-FA-06 1 14 26 48 
 
 
 
Respecto al incremento de altura y diámetro, destacó nuevamente el lote de pino 
carrasco de La Hunde (PIHA-FP200-10-HU07) (Tabla 8.4). 
 
 
Tabla 8.4.- Resultados de desarrollo en altura y diámetro en cada control o toma de datos (1: Plantación; 2: 
Antes del 1º verano; 3: Después del 1º verano; 4: después del 2º verano) 
 
 
LOTE 
Altura (cm) Diámetro (mm) 
 
H1 
 
H2 
 
H3 
 
H4 
 
D1 
 
D2 
 
D3 
 
D4 
PIHA-FP200-10-HU07 
 
46.3 45.7 
  
3.80 4.78 
 
PIHA-FP200-9-CA07 17.0 25.8 33.7 
 
2.67 3.26 3.84 
 
PIHA-FP200-9-HO06 
   
41.4 
   
3.35 
PIHA-FP200-9-HO07 11.9 18.4 23.5 
 
2.15 2.89 3.38 
 
PIHA-FP300-10-TM07 18.6 25.5 30.4 
 
2.50 3.37 3.86 
 
PIHA-FP300-TG06 10.0 20.9 29.3 
 
2.32 2.50 3.13 
 
PIHA-PL200-FA-06 11.5 20.6 26.5 38.4 2.78 2.93 3.26 4.45 
 
 
 
Como consecuencia de los resultados obtenidos por los lotes de planta producida 
de acuerdo a estos protocolos de cultivo (Figuras 8.12 a 8.14), donde se comprobó que la 
calidad final de la planta así cultivada era la más adecuada para el ámbito de producción 
del vivero de La Hunde, se han asumido estos protocolos de cultivo de pino carrasco para 
los viveros forestales de la Generalitat Valenciana en la provincia de Valencia, 
obteniéndose desde ese año un cultivo homogéneo de pino carrasco del estándar de 
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calidad fijado, tanto dentro de cada campaña como en las sucesivas campañas de 
producción de los últimos años (Figura 8.15). 
 
 
Figura 8.15. Producción de planta de Pinus halepensis en el vivero de La Hunde (Valencia)  
en el año 2015. (Foto: J. Hermoso) 
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CONCLUSIONES 
 
Las principales conclusiones alcanzadas en el desarrollo de esta tesis doctoral han sido 
las siguientes: 
 
1. Se ha estudiado la influencia de los factores de calidad de estación en el 
establecimiento de repoblaciones de pino carrasco (Pinus halepensis Mill). Durante 
el primer año, los factores climáticos afectaron a la respuesta de las plantas más 
que la textura del suelo, mientras que en el segundo año, después de la fase de 
instalación, el crecimiento se correlacionó con la profundidad del suelo. Respecto a 
las condiciones meteorológicas, la supervivencia se correlacionó preferentemente 
con las temperaturas en lugar de con la precipitación.  
 
2. La importancia de la calidad funcional de planta de pino carrasco aumenta cuanto 
menor es la calidad de la estación (clima más cálido y suelo poco profundo), 
especialmente en relación con el mayor tamaño de las plantas y el elevado 
contenido de macronutrientes. El tamaño de la planta influye más que el estado 
nutricional en la supervivencia de las plántulas en ambientes con sequía intensa. 
El mayor tamaño de las plantas y las reservas de nutrientes permiten un mayor 
crecimiento bruto de la raíz y, por lo tanto, una mayor probabilidad de superar el 
estrés hídrico. El Potencial de Crecimiento Radical (PCR) han demostrado una 
buena capacidad predictiva para evaluar la calidad de planta en el pino carrasco. 
 
3. La supervivencia de las plantas de Pinus halepensis se ha relacionado claramente 
con los patrones topográficos, particularmente con aquellos que influyen en la 
disponibilidad de agua, indicándonos que en los ecosistemas mediterráneos la 
respuesta de las plantas en repoblación está determinada por la dinámica suelo-
agua. La realización de mapas más precisos de los factores topográficos, descritos 
en esta tesis a partir de datos LiDAR, pueden indicar el potencial de supervivencia 
y crecimiento de la plantación, así como ayudar a planificar adecuadamente las 
actuaciones en una repoblación forestal.  
 
4. Se han establecido unos valores de referencia para los diferentes atributos de 
calidad de planta de Pinus halepensis considerados adecuados para Valencia. El 
establecimiento de estos valores para los atributos morfológicos, fisiológicos y de 
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respuesta, es un sistema sencillo que permite estandarizar el cultivo del pino 
carrasco, y puede utilizarse como una guía para regularizar los programas de 
cultivo y control de calidad en los viveros forestales de Valencia. 
 
5. La preparación de fichas individuales, con los valores de los atributos morfológicos, 
fisiológicos y de respuesta obtenidas de cada lote de planta y el mantenimiento 
dentro de unos valores de referencia de las variables morfológicas (ventanas de 
calidad), es un sistema sencillo para comprobar la calidad de planta, facilitando su 
consulta y presentación. De esta forma se puede comparar la calidad de planta de 
diferentes lotes, tanto entre diferentes campañas como entre diferentes viveros. 
 
6. Los viveros localizados en climas más templados, con periodo vegetativo más 
largo, parecen más adecuadas para producir plantas, con los valores del estándar 
de calidad de planta propuesto, de manera más eficiente (más rentable, mejor 
control del cultivo, mayor eficiencia de fertilizantes, etc.), pues se ha observado 
que los regímenes de fertilización tienen un efecto menor sobre el crecimiento de 
las plántulas que la ubicación del vivero en sí. No obstante, el efecto de la 
fertilización dentro de cada vivero sí afecta a los atributos finales de las plántulas. 
La mayoría de las diferencias entre los programas de fertilización puede explicarse 
por la cantidad total de nutrientes suministrados (N, P y K). Las relaciones K/N o 
P/N no parecen desempeñar un papel importante en la nutrición de las plantas de 
Pinus halepensis. 
 
7. La generación de los protocolos de cultivo de cada vivero productor de pino 
carrasco, sobre la base de los datos que anualmente se van recogiendo de todas 
las variables de cultivo (siembras, sustratos, condiciones ambientales, riego, 
fertilización, etc.), y su representación en forma de ficha de cultivo, permiten 
visualizar todo el proceso productivo, desde la siembra hasta el despacho de la 
planta y describir la evolución del desarrollo morfo-fisiológico de las plántulas a lo 
largo de su cultivo. Esta metodología se puede utilizar para comparar y 
estandarizar los protocolos de cultivo de pino carrasco de otros viveros 
productores de planta destinada a las repoblaciones de la provincia de Valencia, o 
para otras zonas mediterráneas. 
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